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ABSTRACT 

The distribution and abundance patterns of modern benthic foraminifera are used by 

paleoceanographers to assess changes in ocean conditions over geologic time. Examination of 

modern foraminiferal analogs provides the means to determine how these single-celled protists 

record clues about ambient conditions in their morphology and abundance/distribution patterns. 

Abundance and vertical distribution patterns of deep-sea benthic foraminifera were examined 

along the South Australian Margin and Tasman Sea of Australia. This was one of the first studies 

to examine microhabitat preferences of living (Rose Bengal stained) deep-sea benthic 

foraminifera within the region. A total of 11 sediment cores were collected via multicorer. 

Substantial infaunal populations were found in these cores from a region characterized by well 

oxygenated bottom-water (> 4.0 ml/l) and organic-rich sediments (8-11% organic matter). This 

mesotrophic environment supported populations of Globocassidulina subglobosa, Valvulineria 

oblonga, Melonis barleeanum, Pullenia bulloides, Chilostomella oolina, and Hoeglundina 

elegans. Transport of organic-rich sediments via submarine canyons may account for increased 

food availability for deep-sea foraminifera in this region. 

A relationship between foraminiferal test morphology and ambient oxygen availability 

has been noted by a number of studies (e.g., Glock et al., 2011; Kuhnt et al., 2013). In an attempt 

to quantify the relationship between ambient oxygen availability and foraminiferal test pore 

characteristics, percentage and number of surface pores of 97 specimens of Cibicidoides 

wuellerstorfi and related taxa were examined from a variety of habitats along an oxygen gradient 
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(0.04 – 6.20 ml/l). Using ArcGIS and high-resolution SEM images of living (Rose Bengal 

stained) specimens of Cibicidoides, percentages and number of pores on the tests were 

quantified. Surface pore percentage (SPORE) analyses of a standardized subset of penultimate 

and antepenultimate chambers plotted verses ambient bottom-water oxygen concentration 

yielded a negative correlation with an R2 value of 0.7291, p < 0.001. This SPORE approach 

provides an effective means to assess ancient bottom-water oxygen concentrations from 

epifaunal Cibicidoides. 
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CHAPTER 1 

 

INTRODUCTORY AND BACKGROUND MATERIAL 

Introduction 

Paleoceanographic studies utilize benthic foraminifera because these single-celled 

organisms are generally sensitive to environmental changes, and they record clues about ambient 

conditions in their morphology, geochemistry, and abundance/distribution patterns. 

Environmental factors affecting benthic foraminifera include: availability of dissolved oxygen, 

organic matter flux to the seafloor, temperature, salinity, and sediment particle grain size (e.g. 

Corliss, 1991; Jorissen et al., 1998; Gooday and Rathburn, 1999; Gooday, 2003). Determining 

the influences of these parameters on foraminiferal species provides critical information for 

assessments of paleoenvironmental conditions based on fossil foraminifera. This is especially 

true for regions such as the Australian Margin, where the distribution patterns of living deep-sea 

foraminifera are not well known. Many researchers have noted that deep-water benthic 

foraminifera respond most notably to changes in dissolved oxygen and to the availability of 

organic matter (Corliss, 1991; Jorissen et al., 1998; Gooday and Rathburn, 1999; Gooday, 2003). 

Similarly, some foraminifera exhibit intra-/interspecific morphological changes in response to 

alterations in their environment (Corliss and Chen, 1988; Corliss, 1991; Rathburn and Corliss, 

1994). This indicates that morphological features of individual foraminifera might be related to 

specific environmental parameters (Corliss and Chen, 1988; Corliss, 1991). A number of 

researchers have noted that the size and distribution of pores on foraminiferal tests appear to be 
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related to oxygen availability (Corliss and Emerson, 1990; Glock et al., 2011, 2012; Kuhnt et al., 

2013). If so, a correlation may exist between foraminiferal SPORE (Surface PORE percentage) 

and ambient bottom-water dissolved oxygen concentrations. Dissolved oxygen in marine 

environments affects biological processes, ocean chemistry, and geological attributes, making 

the determination of oxygen concentrations a priority in the study of modern and ancient oceans 

(Jorissen et al., 2007). Currently, there are no reliable foraminiferal proxies capable of assessing 

oxygen concentrations in paleoceans (Jorissen et al., 2007).  

Objectives and Goals 

My thesis was divided into two parts. Part I examined the living (stained) distribution and 

ecology of deep-sea foraminifera from the Southern Australian Margin and Tasman Sea. Part 2 

examined the relationship between test (shell) pores of foraminifera and ambient oxygen 

concentrations. 

Objectives, Part I 

The objectives of part 1 were: 

1. Assess the distribution and microhabitat preferences of living (stained) deep-sea benthic 

foraminifera collected from the South Australia Margin and Tasman Sea (Table 1, Fig. 1, 

2). 

a) Microhabitat preferences were determined by examining vertical distribution (0-3 

cm depth in the sediments) patterns of the > 150 µm fraction. Geographic 

distributions were evaluated through the examination of the > 150 µm fraction (0-

3 cm) and the > 63 µm fraction (0-1 cm). The 63-150 µm fraction was used to 

examine “juvenile” distribution patterns of larger species. 
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2. Compare faunal patterns with ambient environmental variables such as organic carbon 

and sediment grain size. 

3. Compare the ecology of species from the Australian Margin and Tasman Sea with 

previously published accounts of these species from other regions. 

Objectives, Part II 

The objectives of part 2 were: 

1. To create a new approach to assess whether pore number/SPORE of Cibicidoides 

wuellerstorfi are correlated with ambient dissolved oxygen. 

a) To test multiple unique approaches capable of characterizing this statistical 

relationship, including: the examination of the Whole-Test SPORE, Individual 

Chamber SPORE, the SPORE within a set box size within an individual chamber 

(Chamber-Box SPORE), and the counting of pores within that same chamber-box. 

These analyses were accomplished using a large dataset (97 specimens; Table 2) 

of Cibicidoides wuellerstorfi from environments of varying oxygenation. 

2. Assess the feasibility of using these SPORE analyses as proxies for bottom-water 

oxygen. 

a) To determine whether specimens of Cibicidoides wuellerstorfi showed stronger, 

weaker, or non-existent correlations at different levels of dissolved oxygen. In situ 

bottom-water oxygen concentrations for this study ranged from < 0.5 ml/l to > 5.0 

ml/l. 

b) To express the strengths and limitations of each approach and which approach 

provided the best results. 
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Background 

Foraminifera 

Foraminifera are useful as paleoceanographic proxies because of their abundance, 

distribution, and continuous geologic record (Boersma, 1978). The fossil representatives of these 

protists are typically characterized by a calcium carbonate test (secreted shell), or 

conglomeration of agglutinated particles (Sen Gupta, 1999). However, some foraminifera lack a 

test completely, thus making them identifiable as foraminifera primarily by their anastomosing, 

thread-like pseudopodia (Sen Gupta, 1999). Foraminiferal growth is typically achieved by the 

secretion and addition of new chambers; however, unilocular (single-chambered) foraminifera 

grow by isometric expansion of their single chamber (Sen Gupta, 1999).  

Benthic foraminifera dwelling on/within the ocean floors comprise more than 50% of the 

benthic biomass at depths > 1000 m (Gooday et al., 1992). Benthic foraminifera can be divided 

into two main ecological categories: epifaunal foraminifera, which live just above or within the 

top 1 cm of the seafloor, and infaunal foraminifera, which have the capacity to live deeper than 1 

cm within the seafloor sediment (Corliss, 1991; Fig. 3). Epifaunal assemblages tend to be 

characterized by plano- or biconvex morphotypes, which is seen as advantageous for lifestyles 

spent attached to seafloor substrate or suspended within surface sediments (Corliss, 1991). These 

same plano-/biconvex species possess large surface pores primarily on one side of their test 

(Corliss, 1991). Infaunal foraminiferal assemblages tend to be characterized by large-surface 

area to volume ratio morphotypes, with pores covering the entirety of their test, which may be an 

adaptation to lower levels of oxygen availability (Corliss, 1991).  
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Primary Factors Affecting Foraminifera 

Benthic foraminiferal distribution patterns are controlled primarily by food availability 

(organic matter), oxygen concentrations, temperature, and the salinity of their environment 

(Gooday, 2003). Temperature and salinity play a larger role in shallow-water environments, 

whereas in modern, deep-water environments these parameters remain relatively constant across 

the benthos (Gage and Tyler, 1991; Gooday and Rathburn, 1999). Relationships between  

oxygen and organic matter and the vertical living depth of foraminifera within the sediment, are 

characterized by the TROX (TRophic OXygen) model (Jorissen et al., 1995; Fig. 4). The TROX-

model defines the living depth limitations of foraminiferal microhabitats by combining the 

oxygen penetration depth and availability of food within the sediments (Jorissen et al., 1995; 

Jorissen et al., 2007). Based on the TROX model, foraminifera living in oligotrophic waters 

(food-limited) tend to concentrate within surface sediments (0-1 cm) in response to the 

availability of food at the sediment surface (Jorissen et al., 1995; Gooday, 2003). This includes 

both epifaunal foraminifera and those that may be infaunal under different circumstances. In 

eutrophic systems (oxygen-limited), foraminifera tend to be restricted to the surface sediments 

due to suboxic to anoxic conditions at deeper sediment depths (Jorissen et. al., 1995; Gooday, 

2003). Different species are capable of withstanding different levels of oxygenation, thus some 

are capable of living deeper within dysoxic sediments permitting that food is available at these 

sediment depths. Maximum foraminiferal living depth occurs in microhabitats that fall 

somewhere in the middle of the TROX model (Jorissen et al., 1995). These mesotrophic 

microhabitats are neither oxygen- nor food-limited, thus infaunal species may be found living 

deep (usually less than 10 cm) within the sediments (Jorissen et al., 1995; Jorissen et al., 2007). 
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Zwaan et al. (1999) later created the TROX II model, which allowed the model to include labile 

organic matter and other geochemical changes. 

Oxygen 

Oxygen concentrations at the seafloor are characterized by a strong gradient from the 

sediment-water interface to variable depths within the sediment (Jorissen et al., 2007). Typically, 

foraminifera are restrained to depths within the sediment where oxygen penetrates down within 

the sediment (oxic zone); however, some species have been found living below the oxic zone in 

completely anoxic sediments (Loubere et al., 1993; Rathburn and Corliss, 1994; Jannink et al., 

1998; Jorissen et al., 1998; Jannink, 2001; Fontanier et al., 2002). This anoxic lifestyle has 

recently been attributed to the ability of some infaunal species to undergo denitrification 

(Risgaard-Petersen et al., 2006; Bernhard, 2010; Glock et al., 2011, 2012), which will be 

discussed later. Completely anoxic conditions of bottom-waters can occur in areas with restricted 

water circulation (e.g. silled basins, fjords) and in oxygen minimum zones (OMZ) (Diaz and 

Rosenberg, 1995). OMZs may result from low circulation conditions or from the near complete 

consumption of oxygen, which is due to the oxidation of large upwelling masses of organic 

matter and/or by the consumption of oxygen through respiration (Levin, 2003). OMZs influence 

the distribution of foraminiferal populations (as well as other organisms) by creating oxygen 

gradients over short distances that serve as barriers to species migration (Levin, 2003).  

The ability to track changes in paleoceanographic conditions and the shifting of OMZs 

over geologic time will lead to more accurate assessments of how the oceans have changed over 

time. Tracking changes in oxygen is also important for environmental reconstruction and climate 

change predictions. Because the oceans and the atmosphere are tightly interconnected, inferences 

can be made about past and present climate based upon foraminiferal ecology and 
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biogeochemical signatures recorded in foraminiferal tests. Foraminifera in the geologic record 

are often found in low-oxygen sediments, making them ideal candidates for tracking and 

quantifying low-oxygen conditions (Gooday et al., 2000). Creating a pore-based proxy to track 

changes in bottom-water oxygenation will allow us to better understand paleoceanographic and 

paleobiologic changes. 

Organic Matter 

Particulate organic matter reaches deep marine environments primarily by two processes: 

continental slope mechanisms, such as turbidity/canyon currents, and by the settling out of phyto 

detritus within the water column (Gooday, 2003). The amount of phytodetritus material is 

dependent on the intensity of primary production in overlying waters (Gooday, 2003). Some 

benthic foraminiferal abundance and distribution patterns are directly related to the intensity of 

this organic matter flux. These assemblages are termed “high productivity assemblages” and are 

defined by regions of continuous, high rates of organic flux to the benthos (Gooday, 2003). 

Species that can tolerate lower-fluxes of organic matter tend to be those that are epifaunal, such 

as Cibicidoides wuellerstorfi (Altenbach, 1988; Corliss and Chen, 1988).  

Seasonality also plays a key role in the amount of organic matter delivered to the benthos 

(Gooday and Rathburn, 1999; Gooday, 2003). Seasonal changes in food influx typically lead to 

seasonal changes in foraminiferal populations (Gooday and Rathburn, 1999). For example, when 

seasonal changes cause prolonged increases in organic matter there tends to be an overall 

decrease in species diversity and shift towards homogeneity as populations of eutrophic-adapted 

species reach their peak abundances (Lambshead and Gooday, 1990). Because organic matter 

influx to the seafloor is directly related to primary productivity in the upper water column, 
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benthic foraminiferal faunas can indirectly provide valuable insight into surface water primary 

productivity (Altenbach, 1992; Gooday and Rathburn, 1999).  

Microhabitat Preferences 

Benthic foraminifera are found in nearly all modern benthic marine environments, and 

their vertical (within sediment) distribution/abundance patterns can inform us about their 

microhabitat preferences (Rathburn and Corliss, 1994). Microhabitat preferences are used 

primarily in the reconstruction of fossil assemblages and to better understand the correlations 

that exist between foraminiferal test signatures and microhabitat geochemistry (Rathburn and 

Corliss, 1994). Examining distribution patterns allows the comparison between parameters, such 

as oxygen, organic matter, and sediment grain size to respective assemblages found at specific 

depths (Corliss, 1985; 1991; Rathburn and Corliss, 1994). For example, some studies have 

reported that foraminiferal test sizes and shapes (e.g. planispiral, trochospiral) are correlated to 

the availability of oxygen and organic matter (Corliss and Emerson, 1990; Corliss, 1991). Corliss 

and Emerson (1990) also noted variations in pore morphology (total number and location on test) 

that occurred between sites of low oxygenation and higher oxygenation. Foraminiferal 

preferences/trends can then be extrapolated to the paleo-record to reconstruct paleo-

environmental changes throughout the Cenozoic (Corliss and Emerson, 1990). 

Part I 

Distribution and Abundance Patterns Along the Australian Margin 

The first part of my thesis focused on characterizing assemblages found living along the 

Southern Australian Margin as well as eastern Australia bordering the Tasman Sea (Fig. 1, 2). 

Very few studies have looked at deep-sea benthic foraminiferal communities that live in these 

passive margin environments. As part of a collaborative project with Australian and French 
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researchers, samples from these regions were collected and analyzed. Distribution patterns are 

important because they provide information about where individual foraminiferal species live in 

this region (Corliss, 1985; Rathburn and Corliss, 1994). Vertical distribution patterns (0-3 cm) 

were examined in three of these sites, which will provide important information about the deep-

sea ecology of these relatively unexplored regions of the Southern Australian Margin and 

Tasman Sea. 

A few benthic foraminiferal studies have been conducted in both the South Tasman Sea 

(Nees et al.,1997; Nees et al., 1999) and South Australian Margin (Basak et al., 2009). Studies by 

Nees et al. (1997, 1999) focused on the fossil record of foraminifera and diatoms during 

glacial/interglacial cycles. Basak et al. (2009) examined the isotopic signatures of selected 

species of living (stained) benthic foraminifera along the South Australia Margin and compared 

them to those of the Aleutian Margin, both characterized by submarine canyon environments. 

Basak et al. (2009) also reported the vertical distribution patterns of abundant benthic 

foraminiferal species within the region. Published data from the study by Basak et al. (2009) will 

be incorporated into data sets generated by the present investigation to provide a more complete 

picture of deep-sea foraminiferal communities in the region. 

South Australian Margin 

The Southern Australian Margin is a complex network of submarine canyons carved into 

a continental slope that stretches all the way from Fremantle to Brisbane (Heap and Harris, 

2008). The first studies to examine the Southern Margin where undertaken in 1947, when Sprigg 

and his crew used echo-sounding profilers to examine the Murray Canyon system located in the 

south-central region of the continental slope (Sprigg, 1947; Hill et al., 2005). Later, the Southern 

Australian Margin was mapped using multibeam sonar technology, thus revealing the complexity 
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of its deep canyons (von der Borch and Clarke, 1993). The results of these sonar profiles are 

presented by Hill et al. (2005) and Heap and Harris (2008) in their descriptions of Australia’s 

marginal morphologic features. The largest of south Australia’s submarine canyons, most of 

which are on the Southern Margin, are the Perth Canyon system (1,820 km2) in the southwest 

margin, the Albany Canyon system (1,348 km2) in the southwest margin, and the Murray 

Canyon system (4,310 km2) (Heap and Harris, 2008). Samples were collected at or near all of 

these canyons (Fig. 1, 2). 

Analysis of the Murray Canyon system, in particular, revealed some of the largest 

submarine canyons on Earth, some of which reach 80 km in length and extend down to the 

abyssal plain at 5200 m depth, with canyon walls reaching nearly 2 km in height (Hill et al., 

2005). The Murray Canyons and Margin as a whole constitute a passive margin with origins 

dating back to the Mesozoic (Hill et al., 2005). This passive margin formed from the fracture and 

separation of the Australian and Antarctic continents which begain during the Late Cretaceous 

and are now separated by nearly 3,000 km of ocean (Norvick and Smith, 2001).  

Submarine canyon environments are characterized by fast flowing, often intermittent, 

bottom currents that travel down slope. Studies along submarine canyons have revealed that 

these deep bottom currents affect foraminiferal communities in a number of ways including the 

redeposition of foraminiferal species typically found in shallower habitats (Alve, 1999; Weinelt 

et al., 2001), the deposition of sediments/organic matter by way of turbidity currents, and the 

mixing of surface sediments, which mixes organic-rich surface sediments with organic-depleted 

underlying sediments (Rathburn et al., 2009). Epifaunal suspension feeders are common in these 

environments (Gooday, 2003). 
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Tasman Sea 

The Tasman Sea (Fig. 1, 2) borders the east coast of Australia and extends east to the 

west coast of New Zealand. The center of the Tasman Sea is marked by a NW-SE trending ridge, 

which formed from a spreading center starting in the Late Cretaceous and ending around 60 Ma 

(Hayes and Ringis, 1973). The east coast of Australia is made up of a very narrow continental 

shelf marked with submarine canyons (largest is Bass Canyon, 4,200 km2) that extend down to 

an abyssal plain at 5,000 m depth (Heap and Harris, 2008). The southeast coast of Tasmania is 

also marked by a large plateau, termed the South Tasman Rise, that measures 135,160 km2 (Heap 

and Harris, 2008). Seamounts, such as the Cascade Seamount just off the east coast of 

Tasmanian, can be found near this South Tasman Rise (Heap and Harris, 2008). The narrow 

shelf of eastern Australia extends all the way from the South Tasman Rise to an area just north of 

Brisbane, where more seamounts and plateaus become the dominant bathyscape (Heap and 

Harris, 2008). Samples were collected near Bass Canyon, Cascade Seamount, the South Tasman 

Rise, and elsewhere (Fig. 1, 2).  

Part II 

Pore Proxy 

The ultimate goal of this portion of the thesis was to create an oxygen proxy for epifaunal 

foraminifera based on the correlation that may exist between foraminiferal SPORE (Surface 

PORE percentage) and bottom-water oxygen concentrations. A total of 97 specimens of 

Cibicidoides wuellerstorfi and related taxa were collected from various habitats around the 

world, representing different oxygen conditions. Variations in test pore number and SPORE were 

examined and compared between epifaunal specimens that have been collected from habitats 

ranging from 0.2 – 6.2 ml/l dissolved oxygen (Table 2). This was accomplished using imaging 
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software (e.g. ArcGIS) to analyze pictures taken by scanning electron microscopy (SEM). Three 

unique methods for quantifying SPORE were created and used for each foraminiferal test. Pore 

characteristics were then compared with ambient dissolved oxygen levels at each respective 

collection site in order to examine any relationship between test pore characteristics and ambient 

oxygen concentrations. If a quantifiable relationship exists between epifaunal SPORE and 

bottom-water oxygen concentrations, then it may be possible to create a proxy that is capable of 

reconstructing paleo-environmental conditions.  

Previous Oxygen Proxies 

Oxygen proxies have been proposed previously with limited success. Most suffered from 

methodological errors as noted by Jorissen et al. (2007). Kaiho (1991, 1994, 1999) created a 

benthic foraminiferal oxygen index (BFOI) that divided benthic foraminifera into groups 

consisting of dysoxic, suboxic, and oxic indicators. Each indicator taxa was defined by its test 

morphology and size and was assigned to a specific bottom-water oxygen range depending upon 

where that species occurred most frequently. Multiple indicator species could be used to narrow 

down plausible oxygen values for specific sites. However, as noted by Jorissen et al. (2007), 

some of these species were placed into multiple oxygenic groups, and many of the groupings do 

not agree with living population observations.  

Similar to Kaiho’s approach, Schmiedl et al. (2003) used indicator species in addition to 

observed changes in diversity to make predictions about oxygen concentrations. This can be 

problematic because it assumes that diversity always decreases as the availability of oxygen 

decreases (Jorissen et al., 2007). Although oxygen may be a primary limiting factor in some 

environments, foraminiferal diversity is often influenced by other parameters, such as the 
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availability of organic matter and seasonal variability (Gooday and Rathburn, 1999; Corliss et. 

al., 2009). 

Jannink (2001) created an oxygen index that used oxyphilic indicators to determine 

oxygen concentrations in seafloor sediments. Oxyphilic indicators were defined as species that 

consistently occurred within the top layer of sediment (Jorissen, 2007). The percentage of these 

taxa that occur within the top layer of sediment can be used to define a probable oxygen 

concentration (Jannink, 2001). As noted by Jorissen (2007), many species that occur within the 

top layer of sediment are perhaps doing so in response to shifts in dissolved organic matter rather 

than the availability of oxygen, which has been noted as the primary cause of vertical migration 

by some (Nomaki et al., 2005; Fontanier et al., 2006). 

All current oxygenic proxies face major challenges including those that use foraminifera. 

One of the challenges of foraminiferal oxygen proxies is that some species can inhabit a range of 

sediment depths, i.e., infaunal foraminifera. Most infaunal foraminifera can inhabit both surface 

sediments and various depths within the sediment; therefore, it is not prudent to rely on 

conclusions about “bottom-water” oxygenic conditions when using species that can live both at 

the surface and deep within the sediment where conditions may be different. To avoid these 

potential problems with infaunal taxa, this study focused on epifaunal foraminifera, although 

some infaunal taxa (Bolivina pacifica) were also analyzed for comparisons. One challenge that 

must be overcome is the determination of how foraminifera respond to variations in oxygenic 

conditions. Foraminifera are sensitive to many different environmental parameters, but pore 

morphology is believed to respond only to variations in oxygenic conditions (Corliss, 1985; Sen 

Gupta and Machain-Castillo, 1993; Kaiho, 1994) and perhaps, in a few species, to nitrogen 

(Glock et al., 2011, 2012; Kuhnt et al., 2013), which is discussed in a subsequent section. 
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Pore Morphology and Oxygenation 

The effects of oxygen on intraspecific benthic foraminiferal morphology have been 

observed in the past, with many researchers supporting or suggesting that pore size and pore 

abundance are higher for those foraminifera living within oxygen-poor environments compared 

to those that live in well-oxygenated habitats (Gary et al., 1989; Perez-Cruz and Machain-

Castillo, 1990; Moodley and Hess, 1992; Glock et al., 2011, Kuhnt et al., 2013). Leutnegger and 

Hansen (1979) proposed that at least some pores are employed as areas of gas exchange between 

foraminifera and their surroundings. Experiments have shown that foraminiferal mitochondria 

cluster behind pores, and sometimes the aperture, in dysoxic (< 2.0 ml/l) and anoxic 

environments, suggesting that mitochondria use pores as conduits for oxygen uptake or perhaps 

even denitrification (Leutnegger and Hansen, 1979; Bernhard and Alve, 1996; Bernhard et al., 

2010). 

Recent studies have examined the statistical correlation between pore number and 

ambient dissolved oxygen. Kuhnt et al. (2013) showed that two different species of benthic 

foraminifera displayed an inverse pore-oxygen relationship, with pore number increasing as 

oxygen decreased (Fig. 5). These species included the infaunal taxa, Bolivina pacifica and 

Fursenkoina mexicana. Both species showed different trends with respect to their overall pore 

number at various oxygen levels, which likely reflects their preferences for different 

microhabitats (Kuhnt et al., 2013). In order to calculate porosity (pores µm-2), Kuhnt et al. (2013) 

counted the number of pores in a specified area on SEM images. These pore counts were then 

displayed as pores µm-2 for each specimen and were plotted against the dissolved oxygen value 

(measured in ml/l) at which each specimen was collected. Dissolved oxygen values were 

obtained one of three ways: at the time of collection by direct measurement, extrapolation from 
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nearby CTD (Conductivity, Temperature, and Depth) data, or by estimating the value by using 

an online ocean database (i.e. Ocean Data View) (Kuhnt et al., 2013).  

Foraminiferal test pores have also been suggested as conduits for denitrification within 

some foraminifera (Risgaard-Petersen, 2006; Bernhard et al., 2010; Glock et al., 2011, 2012). A 

recent study by Bernhard (2010) showed that mitochondria clumped near the pores of Bolivina 

pacifica in low-oxygen environments in the presence of nitrogen-rich pore-waters, which led to 

the idea that pores may be employed as pathways for denitrification in some foraminiferal 

species (Glock et al., 2011). Glock et al. (2011) showed that some infaunal genera (i.e. Bolivina) 

were correlated with pore-water nitrogen as well as with oxygen (Glock et al., 2011, 2012). In 

addition to the porosity-oxygen correlation illustrated by Kuhnt et al. (2013), a porosity-nitrogen 

correlation for Bolivina pacifica was evident. However, the correlation between porosity and 

bottom-water oxygen was better than that of bottom-water nitrate concentrations in 2 of the 3 

species (Kuhnt et al., 2013). Pore water nitrate profiles were also taken by Kuhnt et al. (2013) 

where the specimens of Bolivina pacifica were collected in order to examine changes in pore 

density as the nitrate concentrations fluctuated down-core. Concentrations of nitrate dramatically 

decreased (up to a 500% decrease) below the top 1.5 cm of sediment depth, due to the presence 

of sulfur-oxidizing bacteria within the top 0.5 cm of sediment (Kuhnt et al., 2013). Pore densities 

of Bolivina pacifica, however, showed very little variation (between 0.073 and 0.108 pores µm-2) 

across this drastic gradient, suggesting that the pores of Bolivina pacifica were not truly 

associated with denitrification as was previously suggested by Glock et al. (2011) (Kuhnt et al., 

2013). Epifaunal foraminifera, however, do not live or migrate through anoxic pore waters, and 

are not likely to have evolved the mechanisms required to respire/store nitrogen (Piña-Ochoa et 

al., 2010). Piña-Ochoa et al. (2010) performed a study on 67 benthic foraminiferal species that 
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analyzed each species for stored nitrate (later used for denitrification). Cibicidoides pachyderma, 

a relative of Cibicidoides wuellerstorfi, was shown to be completely devoid of any nitrogen 

(Piña-Ochoa et al., 2010).  

Other morphological adaptations also occur in foraminifera, such as test size and shape. 

Most epifaunal assemblages are characterized by uni- to biconvex species that contain pores 

predominantly on only one side of their test, whereas infaunal assemblages contain species 

which have pores that cover the entirety of their test (Corliss, 1985, 1991; Corliss and Emerson, 

1990; Rosoff and Corliss, 1992; Rathburn and Corliss, 1994). Variations that occur within an 

individual species also help to support the idea that test morphology is directly related to 

microhabitat preferences (Corliss, 1985, 1991; Rathburn and Corliss, 1994).  

Pore Plates/Sieve Plates 

The idea that pores are employed as conduits for oxygenic gas exchange is widely 

accepted (Leutnegger and Hansen, 1979; Bernhard and Alve, 1996; Resig and Glenn, 2003; 

Kuhnt et al., 2013); however, the mystery of pore plates remains. Pore plates can be found in a 

variety of foraminiferal taxa, including some species of Planulina and Cibicidoides (Resig and 

Glenn, 2003). Pore plates are calcified plates that may serve as physical barriers between the 

outer protoplasm and inner cytoplasm of foraminiferan tests. Some of these pore plates are 

imperforate; however, many of them are microporous. In such cases, the pore plates are referred 

to as sieve plates. Resig and Glenn (2003) examined the sieve plates of Planulina ornata, an 

epifaunal foraminifera closely related to and very similar in appearance to Cibicidoides 

wuellerstorfi (Fig. 6). Resig and Glenn noted that sieve plates in Planulina ornata formed at the 

base of each pore and thus did not appear in the earliest chambers. The presence of sieve plates 

in earlier chambers was attributed to the thickening of the foraminiferan’s test over time and 
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subsequent deepening of the pore canals (Resig and Glenn, 2003)(Fig. 6). A similar plate-free 

inner chamber to more densely plated later chamber trend was also noted for specimens of 

Bolivina spissa in Glock et al. (2012) and in Cibicidoides wuellerstorfi in this study. The test 

pores of Planulina ornata are coarsely perforate, averaging 6 to 10 µm in diameter, and look 

almost identical to the pores of Cibicidoides wuellerstorfi collected from low oxygen (< 0.5 ml/l) 

environments in this study (Fig. 6). Because the pores of low oxygen (< 0.06 ml/l) Planulina 

ornata from Resig and Glenn (2003) were larger compared to the pores of the same species from 

higher oxygen specimens (Appendix E) it was suggested that the microporous sieve plates may 

serve as a barrier to loss of foraminiferal mitochondria (Resig and Glenn, 2003). Because 

foraminiferal mitochondria are only 0.5 to 1.0 µm in size, it may be necessary for a barrier to 

exist to keep the mitochondria from escaping the pores in foraminifera with large pore diameters 

of 6 to 10 µm. These pore plates/sieve plates may also serve as a protective barrier against 

nematodes and other predators that would seek entry into the foraminiferan’s test.  

Leutenegger and Hansen (1979) noted that mitochondria within low oxygen specimens 

tend to concentrate in the last few chambers just below the sieve/pore plates. This observation 

supports the idea that sieve plates serve as diffusive barriers in low oxygen specimens. In order 

to create a strong oxygen gradient, which in turn draws oxygen into the foraminiferan’s test, 

mitochondria clump behind these sieve plates and create a localized deficiency in oxygen due to 

the mitochondrial consumption of oxygen. This localized deficiency creates a strong gradient of 

high to low oxygen, which in turn draws oxygen into the cytoplasm of the foraminifera 

(Leutenegger and Hansen, 1979). Mitochondria appear to be more evenly dispersed throughout 

the protoplasm of foraminifera from high oxygen environments (Leutenegger and Hansen, 

1979). The effects of the sieve plates were examined in the SPORE analyses of this study. 
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Cibicidoides wuellerstorfi 

Cibicidoides wuellerstorfi has been referred to as Planulina wuellerstorfi (Schwager, 

1866), Cibicides wuellerstorfi (Schwager, 1866), and Fontbotia wuellerstorfi (Schwager, 1866), 

but recent ribosomal DNA analysis (Schweizer, 2009) indicates that this species belongs to 

Cibicidoides. Cibicidoides wuellerstorfi displays characteristically large pores on the flat, spiral 

side of its test as well as a variable amount of pores on the umbilical side of its test (focus of this 

project). Cibicidoides wuellerstorfi is typified by a calcareous uni- to biconvex test, with the flat 

spiral side of the test serving as an optimal surface for substrate attachment (Schweizer, 2009). 

This species is known to live above the sediment, attaching itself to substrate within a few 

centimeters of the seafloor (Lutze and Thiel, 1989; Linke and Luntze, 1993). Cibicidoides 

wuellerstorfi has been found attached to stones, sponge skeletons, and to polychaete tubes (Lutze 

and Thiel, 1989). Elevated lifestyles are thought to increase the flow of water and organic 

particles across the foraminiferan’s test (Lutze and Thiel, 1989). Cibicidoides wuellerstorfi has 

also been observed attached to vestimentiferan tubeworms that grow in regions of methane 

seeps, which may be an attempt to reach more favorable conditions above the seafloor (Sen 

Gupta et al., 2007). Both larger “adult” and smaller “juvenile” (63-150 µm) specimens of 

Cibicidoides wuellerstorfi are found in similar environments, suggesting no ontogenetic change 

of microhabitat preferences (Rathburn and Corliss, 1994). 

Cibicidoides wuellerstorfi were traditionally thought to only inhabit well-oxygenated 

conditions (Jorissen et al., 2007); however, living (stained) specimens have been collected from 

sites well below 2 ml/l dissolved oxygen (Rathburn and Corliss, 1994). Many specimens (Table 

1) collected for this project were from sites below 0.5 ml/l, suggesting that this species has a 

wider tolerance for oxygen poor conditions than previously thought. The occurrence of 
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Cibicidoides wuellerstorfi and related taxa over a wide range of dissolved oxygen concentrations 

and its morphological plasticity make this species an ideal candidate for an oxygenic proxy.  
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CHAPTER 2 

 

DEEP-SEA BENTHIC FORAMINIFERAL ECOLOGY OF THE AUSTRALIAN MARGIN 

Introduction 

Distribution and abundance patterns of deep-sea foraminifera living along the Southern 

Australian Margin and Tasman Sea are poorly understand. Few studies (Basak et al., 2009) have 

examined the modern deep-sea ecology of foraminifera in this region. Understanding the 

geochemical and physical ranges of individual species living on the Australian Margin provides 

information about modern seafloor ecosystems, and is critical for tracking changes in both 

modern and paleo deep-sea environments off the coast of Australia. 

Study Area 

Eleven sediment cores were collected (Table 1) along the Australian coast during two 

separate cruises on the R/V Southern Surveyor in 2011. These two cruises were part of an 

ongoing project in collaboration with Australian and French researchers attempting to 

characterize the geochemistry, ecology, and paleoenvironmental history of these passive margin 

environments. These cores were picked, sorted, and analyzed to assess foraminiferal distribution 

and abundance patterns. Logistical constraints did not allow for the collection of replicate cores 

at each site for this study, but taken together, these cores provide a unique opportunity to 

examine deep-sea foraminiferal distribution patterns in this region. These first views of 
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Australian Margin deep-sea foraminiferal ecology provide a framework for comparing with other 

regions.  

Materials and Methods 

Collection 

Eleven sediment cores were collected at water depths ranging from 580 m to 1,297 m 

along the south and east coast of Australia (Fig. 1, 2). These cores were collected in 2011 with an 

Ocean Instruments© multicorer during two separate cruises on board the R/V Southern Surveyor. 

Shortly after recovery on board the ship, core sediments were sectioned from 0-1 cm then at 0.5 

cm intervals down to 3 cm. A 4% buffered (borax) formaldehyde solution (diluted 37% 

formaldehyde by a factor of approximately 10 and buffered with Mule Team Borax©) was added 

to the samples as a preservative. This procedure is similar to those used by Rathburn and Corliss 

(1994) and Silva et al. (1996) on Pacific margins. 

Processing 

In the Paleoceanography laboratory at Indiana State University, 65 ml of Rose Bengal 

was added and allowed to stain each sample for at least seven days. Rose Bengal is the most 

commonly used stain in modern/paleo- oceanographic studies and has been employed by 

scientists since the mid-twentieth century to identify recently living tissues within foraminifera 

(Walton, 1952; Murray and Bowser, 2000; Bernhard et al., 2006). Rose Bengal is a non-vital 

stain that colors the protoplasm of living foraminifera. Rose Bengal staining has limitations, and 

may stain dead protoplasm (Bernhard, 2000; Bernhard et al., 2006). However, by carefully 

selecting only those foraminifera with multiple, brightly stained chambers, Rose Bengal staining 

provides reliable counts of the living assemblages (Murray and Bowser, 2000). Original 

sediment volumes were determined by following volumetric procedures outlined in Rathburn 
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and Corliss (1994). The top 3 cm were wet-sieved with 63 and 150 µm mesh sieves. Most of the 

63-150 µm fractions were preserved and stored for future analysis. The 63-150 µm fractions of 

the 0-1 cm interval were processed and counted at the 580 m, 747 m, and 1,020 m Tasman Sea 

sites. The >150 µm fraction was wet-split for feasible working sizes using a Wildco Folsom 

Splitter©. Split sizes were dependant upon the number of living individuals found within each 

core with a target abundance of 100 living specimens per interval. Split sizes and total 

foraminiferal counts are shown in Appendix A. Samples were then wet-picked for living 

(stained) foraminifera. Specimens were identified, placed on microslides, and counted.  

Analytical Methods 

Results are based on the 11 cores collected both in the South Australian Margin and the 

Tasman Sea. Replicate cores were not collected at each site, however, taken together, 

assessments can be made regarding distribution and abundance patterns in the study area. 

Environmental information pertaining to the cores and respective sites is provided in Table 1. 

Intervals within the top 0-3 cm (> 150 µm fraction) of cores were examined at the 580 m, 747 m 

and 1,020 m Tasman Sea sites. The 63-150 µm fraction was also picked and analyzed within the 

0-1 cm interval at these sites. To examine the microhabitat preferences of species found in these 

cores, down-core vertical distribution patterns of predominate species (Fig. 7, 8, 9, 10) were 

plotted at these three sites. Vertical species abundances are plotted as number of individual 

foraminifera per volume (#foraminifera/50cc) versus depth (Appendix A). 

Total calcareous and agglutinate abundances were also plotted at depth within these three 

cores (Fig. 11). Surface sediments (0-1 cm) were also analyzed at all 11 sites to compare number 

of individual foraminifera per 50 cm2  (#foraminifera/50cm2) of dominant taxa (Fig. 12, 13) and 

of calcareous and agglutinate forams at each site (Fig. 14). Standing stock measures the total 
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number of foraminifera as a surface area rather than a volume, which can be used in comparing 

overall abundance and distribution patterns (Appendix A). All foraminiferal counts and 

identifications are listed in Appendix A. 

Bottom-water temperatures are plotted at depth and individual core sites are shown (Fig. 

15). Surface (0-1 cm) organic/inorganic carbon is plotted at all sites except for two sites on the 

South Australia Margin (Fig. 16). Sedimentary grain size is also plotted (Fig. 17, 18). A list of 

taxa is provided in Appendix B. 

Results 

Vertical Distribution Patterns 

Foraminiferal maxima (Fig. 7, 11) occurred within the surface 0-1 cm at the 580 m site, 

between 2.5-3 cm at the 747 m site, and within the 1.5-2 cm interval at the 1,020 m site. The 580 

m site (Fig. 7a) had a total density of 378/50cc and 57% of the total population was found within 

the 0-1 cm of sediment. Globocassidulina subglobosa had a maximum (25/50cc) at 0-1 cm. 

Siphonina sp. also had a maximum (10/50cc) within the top 0-1 cm. Gyroidina orbicularis had 

its maximum (14/50cc) between 1.5-2.5 cm. Cibicidoides bradyi and Cibicidoides mundulus had 

maximum densities (6/50cc for both species) ata 0-1 cm and 2.5-3 cm, respectively.  

The 747 m site (Fig. 7b) had a total density of 331/50cc, with only 17.8% of the 

population occurring in the 0-1 cm interval. Valvulineria oblonga had a maximum (27/50cc) at 

1.5-2 cm, while Chilostomella oolina had a maximum (23/50cc) in the 2.5-3 cm interval. 

Baggina philippinensis and Melonis barleeanum both had maximum densities (12/50cc and 

10/50cc, respectively) at 2.5-3 cm. Pullenia bulloides had a maximum (6/50cc) at 2-2.5 cm.  

The 1,020 m site (Fig. 7c) had a total density of 231/50cc, with 17.5% of the total 

population found within the 0-1 cm of sediment. Sigmoilina sp. 1 had a maximum (43/50cc) at 
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1.5-2 cm, while Pyrgo lucernula had a maximum (13/50cc) between 1-1.5 cm. Globocassidulina 

subglobosa reached a maximum (6/50cc) between 1-1.5 cm, similar to that of the 580 m site. 

Miliolinella sp. had a maximum (15/50cc) between 1-1.5 cm, while Hoeglundina elegans had a 

maximum (7/50cc) in the top 0-1 cm. 

Vertical distribution patterns were plotted for the eight most abundant species within the 

combined 580 m, 747 m, and 1,020 m datasets (Fig. 8, 9, 10). The most abundant species within 

the three cores was Globocassidulina subglobosa (Fig. 8a) with a total density of 84/50cc at the 

580 m site and 22/50cc at the 1,020 m site. Similarities between the cores included peak 

abundances between Chilostomella oolina (Fig. 9a), Hoeglundina elegans (Fig. 9c), and Melonis 

barleeanum (Fig. 10b). Chilostomella oolina (Fig. 9a) and Hoeglundina elegans (Fig. 9c) were 

the only species within the eight most abundant that occurred within all three sites. Chilostomella 

oolina  (Fig. 9a) had a total density of 75/50cc at the 747 m site with maxima occurring between 

2.5-3 cm. Chilostomella oolina (Fig. 9a) was less abundant at the other two sites (1/50cc) and 

had maxima at 1.5-2 cm and 0-1 cm at the 580 m and 1,020 m sites, respectively. Hoeglundina 

elegans (Fig. 9c) had a total density of 16/50cc at the 580 m, 18/50cc at the 1,020 m site, and 

only 1/50cc at the 747/50cc. Maxima of Hoeglundina elegans (Fig. 9c) occurred in two peaks, 

one at the surface (0-1 cm) in all three sites and the other between 1.5-2.5 cm at the 580 m and 

1,020 m sites.  

Surface Sediment Standing Stock 

> 150 µm Fraction 

Standing stocks of the 0-1 cm interval were determined for the 11 cores (Fig. 12, 13). 

Uvigerina peregrina was abundant in the South Australia cores (Fig. 12a), with a maximum of 

42/50cm2 individuals at the 1,297 m site. Globocassidulina subglobosa was the most abundant 
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taxon in the Tasman Sea (Fig. 12b) cores with a maximum of 69/50cm2 at the 580 m site and it 

appeared at four of the five Tasman Sea sites. Pullenia bulloides occurred in abundance within 

both regions, with maximum abundances of 19/50cm2 at the 1,277 m site (Fig. 12a) and 

17/50cm2 at the 580 m site (Fig. 12b).  

63 – 150 µm Fraction 

The 0-1 cm, 63-150 µm fractions were examined at the 580 m, 747 m, and 1,020 m sites 

(Fig. 13a) to compare the smaller size fraction assemblage with the > 150 µm fraction (Fig. 7, 8, 

9, 10). This smaller fraction was different than the > 150 µm fraction at the same three sites. 

Trifarina bradyi was the most abundant 63-150 µm taxa found along the Australian Margin and 

appeared at the 580 m site at 90/50cm2. Cassidulina laevigata had a 63-150 µm abundance of 

40/50cm2, 37/50cm2, and 4/50cm2 at the 580 m, 747 m, and 1,020 m sites respectively. 

Valvulineria Rugosa was abundant at the 747 m site (61/50cm2), but was not found in 

considerable abundance elsewhere. Nuttallides rugosus was present within two of the 63-150 µm 

samples, with 40/50cm2 at the 580m site and 11/50cm2 at 1,020 m site. Nuttallides rugosus 

appeared in much lower abundances in the >150 µm fraction (< 9/50cm2 total). Cibicidoides 

bradyi and Pullenia bulloides were present in the 63-150 µm at the 747 m site with abundances 

of 16/50cm2 and 8/50cm2, respectively. 

> 63 µm Fraction 

The > 63 µm fractions were also examined at the 580 m, 747 m, and 1,020 m sites to 

better understand the total foraminiferal population within the region (Fig. 13b). Trifarina bradyi 

was the overall most abundant taxon found in the 0-1 cm interval (102/50cm2 at the 580 m site), 

followed by Globocassidulina subglobosa with a total > 63 µm abundance of 69/50cm2 at the 

580 m site and 22/50cm2 at the 1,020 m site. Hoeglundina elegans also occurred in both fractions 
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with a total > 63 µm abundance of 33/50cm2 at the 580 m site, 16/50cm2 at the 747 m site, and 

29/50cm2 at the 1,020 m site.  

Discussion 

Assemblage patterns presented in this study represent some of the first modern 

foraminiferal insights into the deep-sea foraminiferal ecology of the South Australian Margin 

and Tasman Sea. These datasets will contribute to Australia’s marine ecology database, help 

advance our understanding of microhabitat preferences, and to serve as modern analogs for 

paleoceanographic studies. Replicate cores were not collected at each site, so analyses of the 

Australian Margin were viewed on a regional scale (comparing sites to each other rather than 

cores within a specific site). Basak et al. (2009) analyzed 2 cores within the South Australia 

Margin, southwest of the Murray Canyons (Fig. 1), collected at 1,634 and 2,476 m depth, 337 m 

deeper than the deepest site in this study (1,297 m). This is the only other study I am aware of to 

examine the modern deep-sea benthic foraminiferal ecology of the South Australian Margin. 

Similar to the results presented here, Basak et al. (2009) noted that Hoeglundina elegans, 

Chilostomella oolina, and Pullenia bulloides were abundant taxa in the region. Peak abundances 

of Chilostomella oolina occurred between 3-4 cm in Basak et al. (2009) and occurred at 2.5-3 cm 

of the 0-3 cm examined in this study (Fig. 9a). Peak abundances of Hoeglundina elegans also 

occurred primarily in the epifaunal (0-1 cm) category in both this study as well as in Basak et al. 

(2009). 

Based on the Average Living Depth (ALD) equation (average based on live populations) 

of Jorissen et al. (1995), Fontanier et al. (2003) calculated the ALD of Chilostomella oolina to be 

3.1 cm for the Bay of Biscay. This was consistent with a Chilostomella oolina (Fig. 9a) maxima 

of 2.5-3 cm in this study. The Bay of Biscay has a similar bottom-water oxygen concentration of 
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about 4.7 ml/l, compared to the Australian Margin’s (3.8-4.9 ml/l, Table 1). The ALD of Melonis 

barleeanum was calculated by Fontanier et al. (2003) to be 1.3 cm, which was also consistent 

with the maxima found at the 580 m site of this study (Fig. 10b). Melonis barleeanum was also 

abundant at the 747 m site and occurred in two primary maxima, one at 1-1.5 cm (consistent with 

Fontanier et al., 2003) and the other at 2.5-3 cm, which better matches ALD calculated by 

Jorissen et al. (1998) in Cape Blanc. Fontanier et al. (2003) calculated the ALD of Uvigerina 

peregrina to be 0.78 cm, which was consistent with abundances (as many as 42/cm2 at the 1,297 

m site, Fig. 12a) of Uvigerina peregrina found in the 0-1 cm interval of the South Australian 

Margin. Jorissen et al. (1998) calculated the ALD of Uvigerina peregrina in Cape Blanc 

(bottom-water oxygen concentration around 4.5 ml/l) to be 0.25-0.70 cm. The ALD of 

Hoeglundina elegans was calculated at 0.40 cm in Cape Blanc, similar to maxima of 

Hoeglundina elegans found in this study (Fig. 9c). 

Nees et al. (1999) examined fossil benthic foraminiferal assemblages of the South 

Tasman Rise (Fig. 1) and found taxa, also present in this study. Taxa that exceeded 10% of the 

overall foraminiferal core biota in Nees et al. (1999) were also found in this study (Appenix A),  

including: Eggerella bradyi, Globocassidulina subglobosa, Pullenia bulloides, and Uvigerina 

peregrina. Of particular interest in this study was Globocassidulina subglobosa, which had the 

largest standing stock (total abundance of 106/50cm2) of species > 150 µm (Fig. 12b). 

Globocassidulina subglobosa has previously been used in the fossil record as a species indicative 

of high organic carbon content (Mackenson et al., 1993b) and increased bottom-water currents 

(Mackenson, 1997). This was consistent with the high organic carbon content (8-11%) measured 

in this study (Fig. 16a). Previous studies off Cape Blanc, Africa (Jorissen et al., 1998) and the 

Bay of Biscay, Spain (Fontanier et al., 2005), where oxygen exceeded 4.0 ml/l, organic carbon 
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content of surface sediments fell between 0.5-2.4% and 1.2-1.5%, respectively. The South 

Australian Margin and Tasman Sea had comparatively high concentrations of organic carbon in 

the surface sediments, around 8-11% organic carbon (Fig. 16a), which may have been the result 

of turbidite transport from shallower depths. Foraminiferal studies in submarine canyon 

environments have shown that transport of organic matter from shallower environments can 

concentrate organic matter in sufficient quantity to support taxa not normally associated with 

well-oxygenated bottom-waters (e.g. Melonis barleeanum)(Schmiedl et al., 2000). Increased 

bottom-water currents are also expected in these canyon environments, due to fast flowing 

turbidity currents characteristic of submarine canyon environments. Cibicidoides wuellerstorfi 

(Appendix A) were found in conjunction with the highest observed population (69/50cm2) of 

Globocassidulina subglobosa at the 580 m site, suggesting that this site experience both high-

current flows and high concentrations of organic carbon (8%, Fig. 16a).  

Because the South Australian Margin and Tasman Sea bottom-waters were not oxygen-

limited, the expected driving force behind the observed vertical distribution patterns would be, 

based on the TROX model (Fig. 4), the availability of organic matter (Jorissen et al., 1995; 

Murray, 2006). Based on the TROX model, foraminifera in well-oxygenated environments will 

be most abundant near the surface because deeper within the sediments, remineralization of 

organic carbon has caused near depletion of organic matter (Jorissen et al., 1995). Food quality 

and other factors, including predation and competition may also influence deep-sea foraminiferal 

assemblage characteristics (Jorissen, 1999; Fontanier et al., 2005; Jorissen et al., 2007). Surface 

organic carbon in this study (Fig. 12a), however, was very high (8-11%) compared to other deep-

water, high oxygen studies (Jorissen et al., 1998; Fontanier et al., 2005) where surface organic 

carbon content was below 2.4%. Because the South Australian Margin and Tasman Sea were 
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both well-oxygenated and organic-carbon rich, it creates a unique habitat neither limited in 

oxygen or organic carbon. Foraminiferal taxa, including Trifarina spp., Uvigerina spp., Melonis 

spp., and Valvulineria spp., have all been used as paleo indicators of low-oxygen conditions 

(Kaiho, 1994). Results of this study suggest that these “low-oxygen” taxa could instead be 

responding solely to the presence of high concentrations of organic matter at the surface rather 

than the low-concentrations of oxygen. It should be noted, however, that no foraminiferal species 

occur exclusively in low-oxygen regions (Sen Gupta & Machain-Castillo, 1993). Taxa that may 

be used as “low-oxygen” indicators can also be found within much higher bottom-water oxygen 

concentrations permitting that conditions are suitable.  

Trifarina bradyi and Cassidulina laevigata represented 19% and 16% of the total 63-150 

µm population, respectively. In contrast, Trifarina bradyi and Cassidulina laevigata represented 

only 3% and < 1%, respectively, of the > 150 µm population within the same cores (Fig. 12, 13). 

Without examination of the 63-150 µm fraction, both of these species would have been 

overlooked. Without time constraints, the > 63 µm should be examined in this region to assess 

foraminiferal assemblages. A possible explanation for the low abundance (38% of surface 

population) of small foraminifera at the 1,020 m site (Fig. 13a) was that the coarser sediments 

(70% of sediment > 125 µm) that dominated the 1,020 m site were not condusive to the survival 

of small foraminiferal species in surface sediments (Fig. 18d). Given that the proportion of the 

63-150 µm population is typically greater in fine-grained sediments in oxygen-poor habitats 

(e.g., Shepherd et al., 2007), smaller specimens/species may require conditions created by the 

presence of fine-grained sediments.  
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Conclusions 

Because no replicate cores existed for each site (Fig. 1, 2), ecological analyses provided 

by this study should be viewed with caution. Data derived from this study, however, represents 

one of the first insights into the deep-sea foraminiferal ecology of the South Australian Margin 

and Tasman Sea and provides a strong framework toward the understanding of modern 

foraminiferal distribution patterns and for interpretations of the foraminiferal fossil record in the 

region. Both the South Australian Margin and Tasman Sea had notable infaunal populations, 

Globocassidulina subglobosa, Uvigerina peregrina, Pullenia bulloides, and Melonis barleeanum 

were among the most abundant species distributed across the two regions. Well-oxygenated 

bottom-waters (> 4.0 ml/l) and high concentrations of organic carbon (8-11%) in surface 

sediments along the margin create a unique environment where typical “low-oxygen” taxa, such 

as Trifarina spp., Uvigerina spp., Melonis spp., and Valvulineria spp. (Kaiho, 1994), are able to 

flourish. This suggests that distribution patterns of “low-oxygen” taxa may instead be driven by 

food availability rather that oxygen. Future analyses should examine the vertical distribution 

patterns of the South Australian Margin as well as produce replicate cores for each site in this 

study.
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CHAPTER 3 

 

AN EXAMINATION OF THE RELATIONSHIP BETWEEN FORAMINIFERAL TEST PORE 

CHARACTERISTICS AND DISSOLVED OXYGEN AVAILABILITY 

Introduction 

An ability to track changes in paleoceanographic conditions, including changes in 

dissolved bottom-water oxygen, is critical for environmental reconstruction and climate change 

predictions. Because the oceans and the atmosphere are tightly interconnected, inferences can be 

made about past and present climate based upon signatures stored in foraminiferal tests and 

ecology. A few foraminiferal oxygen proxies currently exist, including those of Kaiho (1991, 

1994, 1999), Schmiedl et al. (2003), and Jannink (2001); however, none of these proxies are 

universally accepted, and most do not separate the influences of organic carbon from those of 

oxygen availability (Jorissen et al., 2007). Kaiho (1991, 1994, 1999) divided benthic 

foraminiferal taxa into different oxygenic morphotypes in order to construct the Benthic 

Foraminiferal Oxygen Index (BFOI). These morphotypes and their respective oxygen ranges 

were based upon previous studies and the oxygenic conditions that certain genera are found in. 

These oxygen indices, however, were not always consistent with data from living populations. 

Specifically, Kaiho (1991, 1994, 1999) suggested that Cibicidoides was restricted to only oxic 

environments (> 2.0 ml/l). As seen in this study, Cibicidoides wuellerstorfi was found living 

(Rose-Bengal stained) in environments well below 0.5 ml/l oxygen, suggesting that this species 
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has the capacity to live in a broader oxygen range than was previously suggested (Kaiho, 1991, 

1994, 1999). 

Schmiedl et al. (2003) used indicator species, in addition to observed changes in 

diversity, to make predictions about oxygen concentrations. This can be problematic because it 

assumes that diversity always decreases as the availability of oxygen decreases (Jorissen et al., 

2007). Although oxygen may be a primary limiting factor in some environments, foraminiferal 

diversity is often influenced by other parameters, such as the availability of organic matter and 

seasonal variability (Gooday and Rathburn, 1999; Corliss et. al., 2009). 

Jannink (2001) created an oxygen index that used oxyphilic indicators to determine 

oxygen concentrations in seafloor sediments. Oxyphilic indicators were defined as species that 

consistently occurred within the top layer of sediment (Jorissen, 2007). The percentage of these 

taxa that occur within the top layer of sediment can be used to define a probable oxygen 

concentration (Jannink, 2001). As noted by Jorissen (2007), many species that occur within the 

top layer of sediment are doing so in response to shifts in dissolved organic matter rather than the 

availability of oxygen, which has been noted as the primary cause of vertical migration by some 

(Nomaki et al., 2005; Fontanier et al., 2006). 

The effects of oxygen on intraspecific benthic foraminiferal morphology have been 

observed in the past, with many researchers supporting the idea that test pore size and pore 

abundances are higher for those foraminifera living within oxygen-poor environments compared 

to those that live in well-oxygenated habitats (Gary et al., 1989; Perez-Cruz and Machain-

Castillo, 1990; Moodley and Hess, 1992; Glock et al., 2011, Kuhnt et al., 2013). Leutnegger and 

Hansen (1979) proposed that at least some pores are employed as areas of gas exchange between 

foraminifera and their surroundings. Experiments have shown that foraminiferal mitochondria 
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cluster behind pores, and sometimes the aperture, in dysoxic and anoxic environments, 

suggesting that mitochondria use pores as conduits for oxygen uptake (Leutnegger and Hansen, 

1979; Bernhard and Alve, 1996; Bernhard et al., 2010) or perhaps denitrification (Glock et al., 

2011). 

Recent studies (Glock et al., 2011; Kuhnt et al., 2013) have shown that a correlation 

exists between the number of test pores and ambient oxygen within the infaunal (sediment-

dwelling) taxon Bolivina (Fig. 5). However, infaunal foraminifera inhabit sediments below the 

sediment-water interface where the geochemistry of interstitial fluids can be very different from 

those of bottom-water (e.g. McCorkle et al., 1990). Because Cibicidoides wuellerstorfi live at or 

above the sediment-water interface, test pore characteristics of epifauna may more accurately 

reflect bottom-water oxygen availability. This study is the first to examine and quantify the 

relationship between test pore characteristics of epifaunal foraminifera and bottom-water oxygen 

concentrations. Epifaunal foraminifera, including Cibicidoides wuellerstorfi, live at or above the 

sediment water interface, suggesting that if in fact the percentage of pores on the surface of the 

test, here referred to as SPORE (Surface PORE percentage), is correlated with oxygen, then it 

should reflect bottom-water oxygen concentrations. To determine if the pores of Cibicidoides 

wuellerstorfi and related epifaunal taxa (i.e., Cibicidoides lobatulus) respond to varying levels of 

oxygenation, 97 individuals from different environments were used to create a proxy based on 

SPORE.  

SPORE analyses used ArcGIS and Adobe Photoshop and images of Cibicidoides 

wuellerstorfi, dividing subsets of these images into areas of pore versus non-pore areas 

(Appendix C, D). These areas were then compared between living (Rose Bengal stained) 

specimens taken from different sites representing a gradient of bottom-water oxygen levels 
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(Table 2). Unlike previous oxygen proxies and indices (Koho, 1999; Schmiedl et al., 2003; 

Jannink, 2001), results from this study can provide a quantified calibration using variations in 

foraminiferal morphology that are directly linked to oxygen availability. 

Study Area 

Samples were collected from various cruises around the world (Table 2, Fig. 1, Appendix 

E, Appendix F). Sample sites were chosen based upon oxygenic conditions and the presence of 

living Cibicidoides wuellerstorfi. Collection depths varied from site to site. For example, 

specimens were collected from 665 to 1,510 m depth along the Southern California Bight, 580 to 

1,250 m depth in the Tasman Sea, 400 to 997 m depth along the Costa Rican Margin, and were 

as deep as 4,100 m at Station M, Californian Margin (Table 2). Bottom-water oxygen at these 

sites ranged from 0.04 to 6.20 ml/l (Table 2). This range in conditions provided a means to assess 

the relationship that existed between pore morphology and ambient dissolved oxygen.  

Materials and Methods 

Collection 

Specimens for this study were collected on 11 different cruises, listed in Appendix F. 

Specimens from Hydrate Ridge, Costa Rican Margin (400 m site), Southern California Bight 

(665 m, 815 m, 919 m, 1,005 m, and 1,510 m sites), and the Tasman Sea were collected using a 

multicorer (Appendix E). These specimens were preserved with 4% buffered (borax) 

formaldehyde solution (diluted 37% formaldehyde by a factor of approximately 10 and buffered 

with Mule Team Borax©) immediately after collection. After the samples were returned to the 

laboratory, they were stained for seven days with 65 ml of Rose Bengal. Rose Bengal is the most 

commonly used stain in modern/paleo- oceanographic studies and has been employed by 

scientists since the mid-twentieth century to identify recently living tissues within foraminifera 
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(Walton, 1952; Murray and Bowser, 2000; Bernhard et al., 2006). Rose Bengal is a non-vital 

stain that colors the protoplasm of living foraminifera. The limitations of Rose Bengal are well 

known (Bernhard, 2000; Bernhard et al., 2006); however, by carefully selecting only those 

foraminifera with multiple, brightly stained chambers, the recently living population can be 

assessed (Murray and Bowser, 2000). 

Specimens from the Costa Rican Margin (997 m site) and Southern California Bight (757 

m site) were collected from hard surface substrates, including tubeworms and rocks. Cibicidoides 

collected from the Costa Rican Margin (997 m site) were collected from tubeworms using 

ALVIN’s manipulator and were placed in a covered biobox, allowing for the substrate to be 

isolated and protected as it returned to the ship. Cibicidoides collected from the Southern 

California Bight (757 m site) were removed from surface rocks collected with a multicorer. After 

the tubeworms and rocks were brought onboard, living foraminifera were manually removed 

using a scalpel. Foraminifera were then identified, sorted, and frozen at -80°C onboard the ship. 

Specimens were kept frozen until they were used for SEM analysis. Samples that were used for 

the pore proxy that were not collected by Indiana State University’s Paleoceanography Lab were 

either collected from artificial stalks via DSRV Alvin (e.g. Station M, Californian Margin) or with 

a multicorer (e.g. Puerto Rican Margin, North Atlantic, and Nova Scotian Margin), in a manner 

similar to those presented here (Appendix E). 

Scanning Electron Microscopy (SEM) 

Samples were cleaned with 20% diluted ethanol and distilled water to remove extraneous 

material from tests. Following cleaning, the samples were mounted onto cleaned aluminum stubs 

with carbon tape. Samples were gold sputtered and loaded into a JEOL JSM-5990LV SEM at the 

University of Rhode Island. Backscatter images were taken of all the specimens with 20 KV at 
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various magnifications (80-150x), depending on the size of the foraminifera. Multiple images 

were taken of each specimen in order to ensure optimal results during the pore analysis step. All 

specimens were photographed at the highest scan resolution. Specimens from the North Atlantic 

were imaged at Purdue University using a JEOL JSM-840. Specimens and their descriptions are 

shown in Appendix E and Appendix F. 

SPORE Approaches 

Four new approaches were developed to quantify pores on the tests of epifaunal 

foraminifera. These approaches included Chamber-Box SPORE, Chamber-Box Pore Count, 

Whole-Test SPORE, and Individual Chamber SPORE. The Chamber-Box SPORE approach 

quantifies the SPORE of a set area within the penultimate and antepenultimate chambers. The 

Chamber-Box Pore Count approach utilizes the same chamber-boxes to quantify the total 

number of pores on the penultimate and antepenultimate chambers. The Whole-Test SPORE 

approach quantified the percentage of pores on the entire foraminiferan’s test. The Individual 

Chamber SPORE approach quantified the SPORE of the entire penultimate and antepenultimate 

chambers. 

Chamber-Box SPORE 

Determining the percentage of test surface covered by pores involved selecting a 

standard-sized area (5,000 µm2) to analyze (referred to as a “chamber-box). Chamber-box areas 

were analyzed on the penultimate and antepenultimate chambers of each specimen (Appendix C, 

Appendix D). Since the last (ultimate) chamber of specimens are often damaged, especially in 

fossil specimens, use of the penultimate and antepenultimate chambers provides a more reliable 

and relevant method to obtain pore percentage data for fossil record use. This approach involved 

placing a chamber-box image on both the second and third chamber of each specimen SEM. 
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These successive SPORE were averaged for the final Chamber-Box SPORE values. A set box 

size of 100 x 50 µm (5,000 µm2) was used for each sample in the analysis because it fit within 

the chambers of all specimens, but was still large enough to incorporate a sufficient number of 

pores for analysis. Chamber-boxes were created with Adobe Photoshop and were drawn within 

the center of each respective chamber (Appendix C). If the individual test was inflated (common 

in Cibicidoides spp.), then the 5,000 µm2 chamber-box was situated at the flattest area of the 

chamber in order to ensure straight-on pore analysis. Slanted pore views would have increased 

the apparent size of the pore.  

The 5,000 µm2  chamber-boxes were then separated from the image to ensure no 

background interference when the image was analyzed. To isolate the pores within these 

chamber-boxes, Adobe Photoshop’s curve function was used to show only the darkest portions 

of the image (i.e. pore). Some user error will arise in this step if considerable effort is not taken 

to ensure only the pore areas are being included in isolation. The user’s best judgement must be 

used in order to isolate only the pores in this step. The level line was moved only as far as it will 

go without removing any pore area. The remaining interference or splotches on the image that 

were not pores were removed with either the quick selection tool or the eraser. Depending on the 

original quality and complexity (contrast, textural morphology, sieve plates) of the image, this 

step varied slightly per sample. ArcGIS was used to isolate the pores (discussed below). To test 

this approach with different users, five members of Indiana State University’s Paleoceanography 

Lab performed a Chamber-Box SPORE analysis on one specimen of Cibicidoides wuellerstorfi. 

The variance between individual SPORE values was examined. 
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Chamber-Box Pore Counts 

The Chamber-Box Pore Count approach utilizes the same chamber-boxes generated for 

the Chamber-Box SPORE method. However, instead of calculating SPORE, the number of pores 

that occurred within the set 5,000 µm2 were counted. Similar to the approach of Kuhnt et al. 

(2013), the total number of pores that occurred within a set box size were counted and displayed 

as Npores/µm2. All counts were done manually without isolating pores using ArcGIS. This method 

only counted the number of pores, and did not account for the size of the pore openings. 

Whole Test SPORE 

In addition to analyzing chambers, the Whole Test SPORE approach examined the entire 

test of each specimen, dividing the test into pore and non-pore areas. This approach avoided the 

need to subsample a few chambers, but since test morphology varied appreciably (see Appendix 

E), Whole Test SPORE analyses included pores at angles (primarily in inflated morphotype) as 

well as variations in other morphological traits (e.g., sutures). Isolation of the pores was 

accomplished using the same Adobe Photoshop approaches as the Chamber-Box SPORE 

analyses (Appendix C), except that instead of only using a chamber-box, the entire 

foraminiferan’s test was analzyed. 

Individual Chamber SPORE 

 Individual Chamber SPORE examined entire chambers, which avoided the need to 

choose a subset (chamber-box) for analyses. Both the penultimate and antepenultimate chambers 

of each specimen were divided into pore and non-pore areas. Pore percentage was determined 

from each chamber using the same pore isolation and percentage procedures used in the 

Chamber-Box and Whole Test SPORE analyses (Appendix C, D). 
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ArcGIS 

To calculate SPORE for the Chamber-Box, Whole Test, and Individual Chamber 

approaches, ArcGIS version 10.1 was used because of its capacity to quantify spatial 

relationships between regions of different color (Appendix D). ArcGIS is also readily available 

for institutional and research use, making it an easily accessible program for the applications of 

this pore proxy. ArcGIS made it possible to distinguish the number of pixels constituting pores in 

each image and divided that by the total number of pixels making up the entire image. This gave 

the SPORE (pore pixels/total pixels) for each specimen. This was done by using the Iso Cluster 

Unsupervised Classification tool in ArcMap, a main component of ArcGIS. This tool divided the 

image up into different classes based on similarities in colors (pore vs non-pore area). Detailed 

steps are outlined in Appendix D. 

Size Fractions 

In order to examine potential influences of size on pore characteristics, the pool of 

specimens was divided into three size fractions (< 400 µm, > 800 µm, and 400-800 µm. Using 

SEM images (Appendix E) and respective scales, measurements were made horizontally across 

the proloculus of the foraminifera from one side of the test to the other side (diameter).  

Sieve Plate Multiplier 

Sieve plates are microporous, calcified plates that form at the base of pores in some 

foraminifera, including Cibicidoides. The function of sieve plates (Fig. 6) is not understood at 

this time, but some (Resig and Glenn, 2003; Glock et al., 2012) have suggested that they may 

serve a function within the foraminiferal respiration process. To better understand the potential 

influence of sieve plates on the relationship between SPORE and ambient oxygen 

concentrations, SPORE analysis was used to determine the percentage of sieve plate openings. 
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SPORE analysis of a high resolution SEM image of Cibicidoides wuellerstorfi sieve plates 

provided the means to assess the reduction of effective pore conduits caused by sieve plates. The 

average percentage of sieve plate openings was applied to SPORE analyses of surface pores on 

specimens that had visible sieve plates. In this way, the influence of sieve plates on SPORE 

could be examined (Fig. 6).  

Bolivina pacifica 

Test pore to oxygen correlations have been shown for Bolivina pacifica in previous 

studies (Glock et al., 2011; Kuhnt et al., 2013). Whole-Test SPORE analyses were conducted on 

15 specimens of Bolivina pacifica. SPORE approaches were conducted on Bolivina pacifica to 

better understand the application of the SPORE proxy for infaunal foraminifera.  

Statistical Approach  

Analyses of the benthic foraminiferal pores were plotted as SPORE versus bottom-water 

dissolved oxygen. These analyses contained a total of 97 individuals from a combined total of 14 

distinct locales, which were further separated into different replicate drop sites in some locations 

(Table 2). All 14 sites have different concentrations of bottom-water oxygen. To compare 

SPORE and bottom-water oxygen values, Pearson’s Correlation Coefficient and Kendall-Theil’s 

Robust Line fitting were used. Descriptions of these methods can be found in Appendix G. 

Oxygenic Sub Groups 

To test the significance of the SPORE dataset, a non-parametric analysis of variance was 

performed on all 97 specimens. Each of the 97 specimens of Cibicidoides was divided into one 

of three oxygenic sub groups based on the oxygen concentration in which it was collected. These 

groups were defined as Suboxic (≤ 0.5 ml/l), Dysoxic (> 0.5 and < 2.0 ml/l), and Oxic (≥ 2.0 

ml/l). Kruskal-Wallis and Mann-Whitney analyses were performed on the three oxygenic sub 
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groups to ensure that each group of specimens was statistically (p < 0.005) independent (not-

influenced) by the other two groups. The Kruskal-Wallis one-way analysis of variance compared 

all three groups to each other, while the Mann-Whitney analysis provided a means to compare 

individual groups to each other. These analyses were done using IBM SPSS© and verified on 

R©. 

Results 

All four approaches yielded negative slopes with SPORE decreasing as bottom-water 

oxygen concentrations increased. Each graph uses a data set of all usable samples as well as the 

average at each site (Fig. 19, 20). Average SPORE values were calculated for each respective 

site listed in Table 2 and plotted on the graphs overlaying the plots of all 97 specimens (Fig. 19, 

20). Pearson’s correlation coefficients were calculated based upon these average site SPORE 

values and standard deviations were plotted for each of these averages. The Chamber-Box 

SPORE analysis (Fig. 19a) showed the strongest correlation (R2 = 0.7291, p < 0.001) of the four 

approaches. The Chamber-Box Pore Count analysis showed the second highest correlation (R2 = 

0.6719, p < 0.001) among the four different approaches. The Whole Test SPORE analysis had the 

weakest correlation (R2 = 0.6140 , p = 0.037) with overall lower SPORE values compared to 

those of the Chamber-Box and Individual Chamber analyses. The Individual Chamber SPORE 

analysis had had the second worst correlation (R2 = 0.6209, p = 0.005). 

In order to examine the relationship that occurred between successive chambers, a 

Chamber-Box SPORE analysis was conducted using both the penultimate and antepenultimate 

chambers (Fig. 21). Both the penultimate (R2 = 0.7135, p < 0.001, Fig. 21a) and antepenultimate 

(R2 = 0.7316, p < 0.001, Fig. 21b) chambers showed strong Chamber-Box SPORE correlations. 

The results of the variance test, which consisted of five different members of Indiana State 
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University’s Paleoceanography Lab performing a Chamber-Box SPORE analysis on a single 

specimen (Specimen 2; Appendix E), were 27.0%, 28.6%, 28.7%, 30.0%, and 31.0% with a 

variance of 2.53 x 10-4. A Chamber-Box SPORE analysis was also evaluated using Kendall-Theil 

Robust Line fitting (Fig. 22a). This method showed a strong correlation (t = -0.8316, p < 0.001), 

much higher than the pore density analyses of infaunal taxa reported by Kuhnt et al. (2013)(t = -

0.41, p < 0.001)(Fig. 5).  

The pool of specimens was divided into three different size fractions: < 400 µm, > 800 

µm, and 400-800 µm to assess the effects of test size on SPORE values (Fig. 23, 24). These three 

sizes fractions were plotted on the Chamber-Box SPORE graph (Fig. 23) to examine where they 

were distributed along the correlation. The < 400 µm and > 800 µm were then removed from the 

analysis (Fig. 24) and new Average SPORE values were calculated for each site. A correlation 

(R2 = 0.7327, p < 0.001) resulted from this data subset, similar to the original Chamber-Box 

SPORE analysis (R2 = 0.7291, p < 0.001, Fig. 19a). A sieve plate multiplier of 55% was used 

based on an ArcGIS analysis of Cibicidoides sieve plates (Fig. 25). Analysis of foraminiferal 

sieve plates (Fig. 6, 25), removing the influence of visible sieve plates, produced a lower R2 

value (R2 = 0.6979, p = 0.003, Fig. 26) compared to that of the original Chamber-Box SPORE 

analysis (R2 = 0.7291, p < 0.001, Fig. 19a). Sieve plate analyses compared the difference in 

SPORE values that arose when micropores (perforations in sieve plates) were isolated instead of 

the pore as a whole. Whole-Test SPORE analysis of Bolivina pacifica showed a weaker 

correlation, with an overall lower R2  (R2 = 0.4757, p < 0.001) than any SPORE analyses 

conducted on Cibicidoides. The results of the non-parametric Kruskal-Wallis and Mann-Whitney 

analyses are shown in Table 3. Each of the three groups showed a significant (p < 0.005) 
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independence from one another and were plotted on a box-plot (Fig. 29) to show their SPORE 

distributions. 

Discussion 

SPORE Analyses 

 In this first quantitative analysis of epifaunal pore percentage, 97 specimens of 

Cibicidoides were collected from habitats ranging from 0.04 to 6.20 ml/l dissolved oxygen to 

determine the correlation that existed between SPORE (Surface PORE percentage) and bottom-

water oxygen. Each of the four unique SPORE approaches created and tested for these analyses 

are discussed below and an evaluation of the strengths and weakness for each approach are 

included. In addition, patterns and trends that occurred among the specimens of Cibicidoides, 

including size distributions, morphotype patterns, and the influence of sieve plates, are all 

discussed below. The future of this SPORE proxy and its application for paleoceanographers are 

also discussed at the end of this section. 

A negative relationship was evident for each of the four different SPORE approaches 

used in this study (Figs. 19, 20). The Chamber-Box SPORE analyses provided the strongest 

correlation (R2 = 0.7291, p < 0.001). More in-depth analyses of the Chamber-Box SPORE 

method revealed important aspects of epifaunal Cibicidoides wuellerstorfi morphology that may 

influence SPORE. The Chamber-Box comparisons (Fig. 21) showed that little variation (Fig. 

21a, R2 = 0.7135, Fig. 21b, R2 = 0.7316) existed between the penultimate and antepenultimate 

chambers of the Cibicidoides wuellerstorfi analyzed. This suggests that the penultimate and 

antepenultimate chambers have similar pore characteristics, and can be used individually or 

together for SPORE analyses. Based on these results, if the penultimate chamber of fossil 

specimens is damaged or missing, the antepenultimate chamber will work for SPORE analyses. 
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Graphs showing SPORE and pore number versus ambient bottom-water oxygen 

concentration (Figs. 19, 20) reveal relatively large standard deviations. In order to investigate 

potential causes of variations in pore characteristics between specimens, the size of specimens, 

the influence of sieve plates, and whole-test morphology, were examined. 

Size Fractions 

Grouping specimens into three different size fractions (Fig. 23, 24) and subsequent 

removal of the smaller and larger fractions (Fig. 24) provided a similar R2 value (R2 = 0.7327, p 

< 0.001) to that of the Chamber-Box SPORE analysis that included the entire pool of specimens 

(R2 = 0.7291, p < 0.001). The larger and smaller size fractions were chosen based upon average 

specimen size (Appendix E). Based on these results, test size for specimens in the > 150 µm 

assemblage does not appreciably influence SPORE analyses. There is apparently no reason to 

restrict test sizes above 150 µm for SPORE analyses. However, additional data are needed to 

assess the influence of test sizes occurring in size fractions smaller than 150 µm. 

Sieve Plates 

The importance of sieve plates on the respiratory process within foraminifera is unknown 

(Resig and Glenn, 2003; Glock et al., 2013), however, their impact on SPORE values were 

examined in this study (Fig. 25, 26). A sieve plate impact multiplier of 55% was used to test the 

impact of sieve plates on the apparent pore size. This multiplier was based on ArcGIS analysis of 

a representative foraminiferal specimen (taken from Hydrate Ridge, Pacific Northwest, 0.24 

ml/l) characterized by sieve plates (Fig. 25). This sieve plate multiplier was applied to all 

specimens below 2.0 ml/l because sieve plates were apparent on all specimens found in dysoxic 

(< 2.0 ml/l) environments and were not found on specimens above < 2.0 ml/l. The application of 

this multiplier slightly weakened the correlation (R2 = 0.6979, p = 0.003) between Chamber-Box 
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SPORE and bottom-water oxygen (Fig. 26). However, because this multiplier only lowered the 

SPORE values of individuals below 2.0 ml/l and did not strongly affect the correlation, including 

a sieve plate factor in SPORE analyses does not appear to be necessary. Because sieve plates 

were only found within the flattened morphotypes (discussed in next section) below 2.0 ml/l, it 

suggests that sieve plates may be an ecophenotypic variation. However, it seems 

counterproductive to the addition of new pores in low-oxygen environments because sieve plates 

effectively decrease the area of each individual pore. Sieve plates likely serve a particular 

function, as protection from predators, as part of the respiratory process, structural support, or 

some other beneficial service. It has been speculated that sieve plates may serve in strengthening 

the diffusive barrier between the low-oxygen pockets that occur just below the pores where 

mitochondria cluster and the higher oxygen conditions occurring outside of the foraminiferan’s 

test (Resig and Glenn, 2003). Sieve plates may also serve as physical barriers against predators 

(e.g. nematodes) that would seek entry into the large pore holes (5-10 µm diameter). Another 

possible reason for the presence of sieve plates is structural importance. As noted by Resig and 

Glenn (2003), and evident in this study (Fig. 6), sieve plates were more prevalent on the ultimate 

chamber and gradually become less abundant on older chambers. This was probably because 

recalcification and thickening of the test over time caused pore canals of the earlier chambers to 

thicken enough so that the sieve plates were no longer visible (Resig and Glenn, 2003). This 

would explain the lack of sieve plates in specimens found above 2.0 ml/l, because, as explained 

below in the Morphotype Patterns section, specimens above this oxic boundary had much thicker 

tests and subsequently thicker pore canals. Whatever the function, the benefits associated with 

plates must outweigh the disadvantage of reducing the effective conduit area of pores, especially 
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in oxygen-pore habitats. In any case, inclusion of a sieve plate factor does not appreciably 

change SPORE analysis results. 

Morphotype Patterns 

Previous foraminiferal morphotypes have been described (e.g. Corliss and Chen, 1988; 

Corliss, 1991) and used in assessments of paleoceanographic conditions (Kaiho, 1991, 1994, 

1999). The BFOI index (Kaiho, 1991, 1994, 1999) grouped all Cibicidoides into a single oxic ( > 

2.0 ml/l) index, which does not accurately characterize the oxygenic capacity of the genus. An 

examination of Cibicidoides specimens (Appendix E, F) used for this study reveals that different 

morphotypes are present from the diverse oxygenic conditions that Cibicidoides inhabits, 

indicating the presence of ecophenotypic variation within and between species of this genus. 

Ecophenotypic variations within Cibicidoides wuellerstorfi are likely the reason 

taxonomists have not been able to agree to which genus the species belongs. Before genetic 

information indicated that this species belongs in Cibicidoides (Schwiezer et al., 2009), different 

researchers included this species under Planulina (e.g., Corliss, 1985), Cibicides (e.g., Sen 

Gupta, 1989), Fontbotia (e.g., Mackenson et al., 1993a), as well as Cibicidoides. Three 

morphological groupings were evident in this study (Appendix F). A “flattened” morphotype that 

characterized the low-oxygen (< 2.0 ml/l) environments, a more robust “plano-convex” 

morphotype that characterized the more oxic  (> 2.0 ml/l) sites, and an “inflated” morphotype 

(3.0-5.0 ml/l). 

Flattened Morphotype 

Specimens (Appendix E) collected from the Southern California Bight, Costa Rican 

Margin, and Hydrate Ridge (Pacific Northwest) were characterized by a flattened morphotype of 

Cibicidoides wuellerstorfi. This morphotype appeared confined to sites with < 2.0 ml/l oxygen in 
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this study but has been reported from other regions in different oxygen conditions (e.g., Corliss, 

1991). The flattened morphotype had an abundance of pores on both the spiral and umbilical 

sides of the test giving it a swiss cheese look. This morphotype also had more distinct chambers 

and sutures than the plano-convex and inflated morphotypes. Another important characteristic of 

the flattened morphotype is the abundance of sieve plates that filled the pores of each specimen. 

This morphotype is similar to the characteristics attributed to Planulina. The flattened 

morphotype may be an adaptation to lower oxygen environments. Flattened Cibicidoides 

wuellerstorfi would have a larger surface area to volume ratio than the plano-convex 

morphotypes, which would theoretically lower the specimen’s oxygen demand due to a 

decreased mass and increased SPORE of the individual allowing for more gas-exchange. It is 

important to note, however, that this is not true for all species of Cibicidoides. Some species of 

Cibicidoides, such as Cibicidoides bradyi, occur infaunally. It has been suggested that 

Cibicidoides bradyi is capable of increasing its trochospiral profile to increase its surface area 

and number of test pores in low-oxygen environments (Rathburn and Corliss, 1994). 

Cibicidoides bradyi and other infaunal Cibicidoides should not be used for SPORE analyses 

because of their infaunal microhabitat preference.  

Plano-convex Morphotype 

Specimens (Appendix E) collected from the Tasman Sea, North Atlantic, and Puerto 

Rican Margin were characterized by a more robust plano-convex morphotype. These specimens 

lacked the abundance of pores and sieve plates that characterized the flattened morphotypes. The 

plano-convex morphotype also occurred predominantly above 2.0 ml/l oxygen. The chambers 

and sutures of the plano-convex morphotype were much less defined on the convex umbilical 

side of the test. Pores and distinct suture patterns, similar to those of the flattened morphotype, 
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existed on the flat spiral side of the plano-convex morphotype. This morphotype exhibits the test 

characteristics exemplified by Cibicides. 

Inflated Morphotype 

Specimens (Appendix E) collected from Station M (Californian Margin) as well as some 

from the Tasman Sea were characterized by an inflated morphotype. Specimens from Station M 

(Californian Margin) were identified as Cibicidoides lobatulus and were collected from artificial 

sponge stalks (Beaulieu, 2001) as part of a colonization study at 4100 m depth. This morphotype 

is characterized by an inflated, biconvex test. The pore canals of this morphotype were deeper 

than those of the plano-convex morphotype and no sieve plates were found. This morphotype 

was characterized by a higher number of pores than those of the plano-convex morphotype, even 

within the same site (e.g. Tasman Sea). Perhaps this was a response to the much larger volume to 

surface area ratio of the inflated morphotype, which would theoretically cause a higher demand 

for oxygen and need for a higher SPORE. According to Schweizer (2009), Cibicidoides 

lobatulus and Cibicidoides wuellerstorfi have a close genetic relationship, and belong in the 

same genus. 

Evaluations of Each SPORE Approach 

 Each of the four different approaches created for this study had their own strengths and 

weaknesses. Evaluations of Cibicidoides analyses are presented first, followed by a discussion of 

Bolivina analyses. 

Chamber-Box SPORE 

The Chamber-Box SPORE analyses (Fig. 19a) provided the strongest correlation (R2 = 

0.7291, p < 0.001) among the four different approaches. The Chamber-Box SPORE analysis 

requires user placement of the chamber-box on the image, and user adjustment to distinguish 
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pores from non-pore areas on the test image. As indicated in Appendix C, chamber-boxes should 

be placed in the center of the chambers, standardizing the location. Since the majority of 

specimens from oxygen-poor habitats (< 2.0 ml/l) have pores evenly distributed on the chambers 

(Appendix E, F), variations in chamber-box placement should not appreciably influence the 

SPORE value. Pores of specimens collected from oxic (> 4.0 ml/l) environments were more 

unevenly distributed across their chambers (Appendix E) compared to those specimens from < 

2.0 ml/l. However, if placement of the chamber-box is done carefully and consistently, then 

results for each analysis will yield similar values. When five different individuals from Indiana 

State University’s Paleoceanography Lab performed a Chamber-Box SPORE analysis on the 

same specimen, a variance test yielded a variance of 2.53 x 10-4, showing that different 

individuals generate similar SPORE values. The comparison between penultimate and 

antepenultimate Chamber-Box SPORE (Fig. 21) values also suggest that little variation exists 

between the most recent chambers. The Chamber-Box SPORE method makes for the best proxy 

of oxygen concentrations provided sufficient care is taken during image processing. Previous 

studies of infaunal pore morphologies showed the pores tend to concentrate near the peripheries 

of Bolivina spp., which means that the chamber-box method is more difficult to apply to these 

infaunal foraminifera. Chamber-box placement would have to be different from one specimen to 

the next.  

Chamber-Box Pore Count 

Chamber-Box Pore Counts (Fig. 19b) yielded the second highest R2 value of the four 

different SPORE methods (R2 = 0.6719, p < 0.001). The Chamber-Box Pore Count method was 

arguably the simplest of the four methods because ArcGIS is not required to complete the 

analysis. The user only needs to physically count the number of pores that occur within the given 
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chamber-box. The biggest weakness of this method was that it did not quantify the percentage of 

pores that made up the foraminiferan’s chamber/test. For example, if one individual from a low 

oxygen environment had the same number of pores as another individual from a high oxygen 

environment, and the pores of the former individual were twice as large as those of the latter, 

then the Chamber-Box Pore Count analyses would not have been able to differentiate the oxygen 

concentrations between the two individuals. This is possibly why specimens in the oxic (> 4.0 

ml/l) region of the Chamber-Box Pore Counts analyses (Fig. 19b) have such high standard 

deviations compared to the other SPORE methods. Because a few small pores have the same 

impact on the linear regression, regardless of size, as a few large pores.  

Whole Test SPORE 

Whole Test SPORE (Fig. 20a) analyses provided an overall characterization of 

foraminiferal test pores because they were able to quantify the entire test. Although users are not 

required to place a box with the method, test morphology often influenced the analyses. The 

ultimate chamber of Cibicidoides wuellerstorfi was often missing or broken and was often 

riddled with nearly imperforate sieve plates, which would have created problems during the pore 

isolation step. Large and abundant sutures can also cause problems with this method. As seen in 

Appendix E and discussed earlier, specimens of Cibicidoides from dysoxic environments (< 2.0 

ml/l) tended to have more distinct sutures. These sutures did not contain pores, and always 

appeared in the non-pore area of each ArcGIS analysis and as such, morphotypes with thick 

sutures were predisposed to lower Whole Test SPORE values. For example, specimen 16 

(Appendix E) had distinct suture lines and a Whole Test SPORE value of about 2.5%, but has a 

Chamber-Box and Individual Chamber SPORE value of 28% and 16% respectively. The reason 

for this large discrepancy is because the Whole Test SPORE analyses included the entire test, 
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which has large non-porous sutures and non-porous inner chambers. Specimen 1 (Appendix E), 

on the other hand, had a Whole Test SPORE value of 14% and Chamber-Box and Individual 

Chamber SPORE value of 25% and 18% respectively. This was because specimen 1 (Appendix 

E) did not have the same prominent sutures present on its test, which meant that the non-pore 

area was much smaller when compared to that of specimen 16 (Appendix E) from a similar low-

oxygen environment. Morphological variations make it imperative to have a large dataset when 

trying to characterize Cibicidoides.  

Individual Chamber SPORE 

The time-consuming Individual ChamberSPORE method  (Fig. 20b) generated an R2 = 

0.6209, p = 0.005. Because no Chamber-Box placement was required for analysis, the largest 

room for user error arose when outlining each individual chamber in Adobe Photoshop. This 

method also bypassed the need to include suture and ultimate chamber inclusion required by the 

Whole-Test SPORE method. Because each specimen of Cibicidoides wuellerstorfi had unique 

chambers, a lot of time was spent drawing the outline of each chamber and cutting it from the 

SEM image.  

Bolivina pacifica 

The Kendall-Theil Robust Fit Line (Fig. 22) was fitted for Chamber-Box SPORE data in 

order to examine the relationship between SPORE of Bolivina and bottom-water oxygen as well 

as to compare my results with those found in Kuhnt et al. (2013). This analysis showed that the 

Chamber-Box SPORE values were monotonically correlated (t = -0.8316, p < 0.001), suggesting 

that as bottom-water oxygen decreased, so did the SPORE value of Cibicidoides spp. Kuhnt et al. 

(2013)(Fig. 5) found a weaker correlation (t = -0.40, p < 0.001) between bottom-water oxygen 

and the pore density of Bolivina pacifica, an infaunal foraminifera. SPORE analyses were 
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conducted on 15 specimens of Bolivina pacifica, to test the applicability of these SPORE 

approaches as well to further examine the correlation between bottom-water oxygen and infaunal 

taxa, such as Bolivina spp. (Fig. 28). The problem, however, was with the morphology and 

distribution of pores on the test of Bolivina pacifica. The pores of Bolivina pacifica were 

sporadically distributed or concentrated near the bottom of each chamber and inner axial plane of 

each specimen. This made it impossible to consistently place a Chamber-Box in the same place 

on each successive specimen without including a large number of pores at angles. For this reason 

neither a Chamber-Box SPORE analysis nor a Chamber-Box Pore Count were performed on 

Bolivina. Whole-Test SPORE analyses on the specimens of Bolivina pacifica produced an R2 of 

0.4757, p < 0.001, with bottom-water oxygen (Fig. 28). Unlike Cibicidoides spp., Bolivina 

pacifica had very little or no morphological variation in pore size and shape. This would suggest 

that at least for Bolivina spp., pore density may be the best method of pore analyses. However, a 

consistent area must be designated for each specimen of Bolivina pacifica because of its 

tendency for uneven pore distribution. 

Nitrate Respiration 

 A correlation between sediment-water nitrate and infaunal Bolivina spp. was noted in 

studies by Glock et al. (2011) and Kuhnt et al. (2013). However, as noted by Kuhnt et al. (2013) 

the correlation between Bolivina pacifica and bottom-water oxygen was better than that of 

bottom-water nitrate concentrations in 2 of the 3 infaunal species examined (Kuhnt et al., 2013). 

Pore water nitrate profiles were taken by Kuhnt et al. (2013) where the specimens of Bolivina 

pacifica were collected in order examine changes in pore density as nitrate concentrations 

fluctuated down-core. Concentrations of nitrate dramatically decreased (up to a 500% decrease) 

below the top 1.5 cm of sediment depth, due to the presence of sulfur-oxidizing bacteria within 



 

 

53 

the top 0.5 cm of sediment (Kuhnt et al., 2013). Pore densities of Bolivina pacifica, however, 

showed very little variation (between 0.073 and 0.108 pores µm-2) across this drastic gradient, 

suggesting that the pores of Bolivina pacifica were not truly associated with denitrification as 

was previously suggested by Glock et al. (2011) (Kuhnt et al., 2013). Epifaunal foraminifera, 

however, do not live or migrate through anoxic pore waters, and are not likely to have evolved 

the mechanisms required to respire/store nitrogen (Piña-Ochoa et al., 2010). Piña-Ochoa et al. 

(2010) performed a study on 67 benthic foraminiferal species that analyzed each species for 

stored nitrate (later used for denitrification). Cibicidoides pachyderma, a relative of Cibicidoides 

wuellerstorfi, was shown to be completely devoid of any nitrogen (Piña-Ochoa et al., 2010). 

Down-core nitrogen profiles were not taken during the collection of most of the Cibicidoides 

specimens used for SPORE analyses in this study. Future SPORE analyses could examine the 

relationship between epifaunal SPORE values and bottom-water nitrate, however a correlation is 

unlikely to exist. 

Cibicidoides and Epifaunal Foraminifera 

Infaunal foraminifera can inhabit both surface sediments and various depths within the 

sediment where the geochemistry of interstitial fluids can be very different from those of bottom-

water (e.g. McCorkle et al., 1990). Cibicidoides wuellerstorfi and Cibicidoides lobatulus are both 

epifaunal taxa that live at or above the sediment-water interface, thus SPORE analyses more 

accurately reflect bottom-water oxygen availability. It is important to note that not all species of 

the Cibicidoides genus are epifaunal. Some species of Cibicidoides (e.g., Cibicidoides bradyi) 

inhabit infaunal microhabitats and should not be used for SPORE analyses because they do not 

accurately reflect bottom-water oxygen.  
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Application of SPORE Proxy 

SPORE analyses presented in this study represent the first quantitative epifaunal 

foraminiferal oxygen proxy. The purpose of this SPORE proxy is for paleoceanographers to have 

a reliable means to make assessments of past bottom-water oxygen concentrations. Cibicidoides 

wuellerstorfi has been found in all modern major oceans and its oldest known stratigraphic 

occurrence dates back to the Early Miocene (Cassell and Sen Gupta, 1989), which makes it an 

easily accessible source for interpreting paleoceanographic conditions.  

Oxygenic Sub Groups 

Results of the non-parametric Kruskal-Wallis and Mann-Whitney (Fig. 29, Table 3) tests 

showed that the 97 specimens can be divided into three unique oxygen ranges, defined as 

Suboxic (≤ 0.5 ml/l), Dysoxic (> 0.5 and < 2.0 ml/l), and Oxic (≥ 2.0 ml/l). Both the Kruskal-

Wallis and Mann-Whitney analyses (Table 3) showed that each of the Chamber-Box SPORE 

oxygenic groups were statistically significant from each other, which suggests that specimens 

found within each of the groups were independent of SPORE values and specimens from each of 

the other groups. It is important to note, however, that the Suboxic group only had an n of 12 

(Table 3; ideally need n > 30), so further expansion of the dataset is critical. Paleoceanographers 

applying the Chamber-Box SPORE method to fossil specimens of Cibicidoides wuellerstorfi 

have the capacity to use the SPORE proxy as a general oxygen range (Suboxic, Dysoxic, or Oxic) 

indicator or as a more continuous bottom-water oxygen estimator. 

Future Work 

The future of the SPORE proxy should focused on gathering more specimens for SPORE 

analyses. Specifically, there is need for more Cibicidoides specimens to fill the gap that occured 

between 1.5 to 3.0 ml/l dissolved oxygen. Without this data it remains unclear whether the 
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character of the SPORE correlation is linear or curved. The character of this line will influence 

values found in this study, however, it is clear that there is a relationship between SPORE and 

bottom-water oxygen. Different species of epifaunal foraminifera (e.g., Planulina) may be used 

in future SPORE analyses, to expand understanding of the relationship between other epifaunal 

species and bottom-water oxygen.  

Conclusions 

This study represented the first quantitative approach to understanding the relationship 

between bottom-water oxygen concentrations and pore characteristics of epifaunal foraminifera. 

A strong negative correlation existed in all four approaches tested between bottom-water oxygen 

and SPORE of Cibicidoides spp., confirming that the pore morphology of epifaunal foraminifera 

responds to changes in bottom-water oxygen. Of the four approaches created to quantify SPORE 

and pore number, the Chamber-Box SPORE method provided the highest R2 value (R2 = 0.7291, 

p < 0.001). By applying this method to well-preserved fossil specimens, paleoceanographers will 

be able to make assessments of bottom-water oxygen changes over geologic time. The future 

work involving SPORE proxy should include: a) expansion of the dataset to fill gaps and 

increase replication along the bottom-water oxygen axis, b) possible inclusion of other epifaunal 

foraminifera or infaunal foraminifera, and c) application of this proxy to fossil foraminifera. 
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Table 1. 

Table showing the important characteristics of each of the cores collected for the ecology portion of this study both in the South 
Australian Margin (South Austalia) and Tasman Sea. 
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Table 2.  

Region and subsequent in-situ dissolved oxygen content (ml/l) of all samples used for this study. 
A region may have multiple oxygen (ml/l) levels listed, which correlates to a different sites within 
that region. 
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Figure 1. Map of Australia showing the location of all 11 sediment cores used in the ecology section of this study. Important 
geographic features are shown. Samples were taken from nearby these geographic features.  
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Figure 2. Close-up views of those regions outlined in Fig. 1. Samples were collected along the continental margin of Australia. Important 
geographic features are shown. 



 

 

60 

Figure 3. Adapted from Wollenburg et al. (2009). Microhabitat definitions used in this study. 
Epifaunal foraminifera are restricted to living within or above the top cm of sediment. Infaunal 
foraminifera have the capacity to live deeper than 1 cm within the sediment. 

 

 
 

 

 

 

 

 

 

 

 

  

 

studies, and Carney (2005) suggested that the TROX model may also successfully
explain many macrofaunal distribution patterns.

The foraminiferal niche is thus much more variable than thought previously,
with different species inhabiting a wide range of biogeochemically different micro-
environments, from the sediment-water interface to several cm depth in the sedi-
ment. Therefore, the isotopic and trace element composition (d18O, d13C, Mg/Ca,
etc.) of the foraminiferal test can be interpreted adequately only if the microhabitat
(and calcification depth) of each investigated species is precisely known. The study
of site-specific differences in these parameters opens up new possibilities to recon-
struct former redox conditions at and below the sediment-water interface, as well as
their controlling parameters.

2) Since the early 1990s, Rose Bengal stained foraminifera have been reported to
occur in anoxic environments below the sediment-water interface (e.g., Bernhard,
1989; Bernhard & Reimers, 1991; Loubere et al., 1993; Alve, 1994; Rathburn &
Corliss, 1994; Rathburn et al., 1996; Jannink, Zachariasse, & Van der Zwaan,
1998; Jorissen et al., 1998; Fontanier et al., 2002). Rose Bengal is a protein stain
(Walton, 1952) which has been widely used for the recognition of living fora-
minifera. Rose Bengal, however, will also stain protoplasm in a more or less
advanced state of decay (e.g., Bernhard, 1988; Corliss & Emerson, 1990; Hannah
& Rogerson, 1997; Jorissen, 1999a), and thus its reliability for recognition of

Figure 1 Trox-model (Jorissen et al.,1995, with permission from Springer), explaining the depth
limits of the foraminiferal microhabitat by a combination of oxygen penetration and food
availability in the sediment. In oligotrophic environments, the microhabitat depth is limited by
the low amount of food in the sediment; in eutrophic ecosystems, the penetration depth of most
taxa is limited by the shallow level at which no oxygen is present. In mesotrophic areas,
microhabitat depth is maximal. Some deep infaunal taxa are not limited by the zero oxygen
level, but may participate in anaerobic pathways of organic matter remineralisation at several
cm depth in the sediment.

Frans J. Jorissen et al.268

Figure 4. Trox-model (Jorissen et al., 1995), showing the living depth limits of foraminiferal 
microhabitats based on the availability of oxygen and food. In oligotrophic environments, the 
living depth of foraminifera is controlled by the availability of food. In eutrophic environments, 
the living depth is controlled by the depth of oxygen penetration. Maximum vertical living depth 
is achieved in mesotrophic environments where both oxygen and food are readily available. 
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mitochondrial oxygen uptake and shows an adaption to oxygen
deficiency for this taxa.

Interestingly, comparison of pore densities between the two
shallow-infaunal species B. pacifica (this study) and B. spissa (Glock
et al., 2011) reveals considerably higher pore densities in B. pacifica

for similar BW-O2. This inter-specific difference in pore density may
indicate that the oxygen consumption rate of B. pacifica is higher than
that of B. spissa, and that therefore the former species needs a higher
number of pores to allow for sufficient O2 uptake. This assumption,
however, contradicts laboratory experiments that demonstrate lower
respiration rates for B. pacifica (0.970.3 nmol O2 d!1 ind!1) than for
B. spissa (3.171.0 nmol O2 d!1 ind!1) (Nomaki et al., 2007). How-
ever, these authors report a much smaller biomass for B. pacifica
(0.49 mg C ind!1) than for B. spissa (1.8 mg C ind!1). Thus, if the
respiration rate would be related to the calculated biomass, B. pacifica
shows slightly higher respiration rates per unit biomass than B. spissa.

Although no cell-biological studies exist for F. mexicana, the
similar trend observed in the pore density-to-BW-O2 relationship
(Fig. 6b) suggests similar morphological adaptions to oxygen
depletion. In comparison to B. pacifica, however, specimens of
F. mexicana exhibit a lower pore density and a less steep pore
density-to-BW-O2 gradient. These inter-generic differences in pore
density and the pore density-to-BW-O2 relationship might reflect
different tolerance levels due to genus-specific microhabitat pre-
ferences. The shallow-infaunal species B. pacifica is well-known to
dominate low-diversity assemblages inhabiting oxygen-depleted
habitats (O2o0.5 ml L!1) within OMZs (Sen Gupta and Machain-
Castillo, 1993; Schmiedl et al., 1997; Bernhard and Sen Gupta,
1999) but apparently thrives within a wide range of dissolved
oxygen concentrations (Sen Gupta and Machain-Castillo, 1993).
This large range of tolerated oxygen concentrations might result in
a pronounced morphological adaptation (i.e., pore density changes).
The deep-infaunal species F. mexicana, on the contrary, appears to
be more resistant to persistent oxygen deficiency as shown by its
usual microhabitat around the anoxic boundary in better oxyge-
nated sediments (Jorissen et al., 1998; Licari et al., 2003). Therefore,
its reaction may be less pronounced to changes in BW-O2. This
assumption is corroborated by studies on eastern Mediterranean
sapropels, where high abundances of F. mexicana and F. cf. mexicana
were found immediately below and even within sapropel layers
(Casford et al., 2003; Schmiedl et al., 2003; Kuhnt et al., 2007).

In contrast to the former species, no significant relationship
between pore density and BW-O2 was observed for C. oolina
(Fig. 6c). This observation suggests that C. oolina, which is a
common inhabitant of dysoxic to anoxic environments (Corliss,
1985; Jorissen et al., 1995; Schmiedl et al., 1997), has life
strategies other than increased pore densities to survive pro-
longed anoxia; nitrate respiration is one possibility, as discussed
in Section 4.3.

4.2. Species-specific pore density in comparison to water depth
and temperature

At stations in the SE Atlantic, temperature decreases with
increasing water depth (Table 2). While pore densities of B. pacifica
and F. mexicana correlate with both water depth and temperature,
no relationship to either of these parameters is shown by the pore
density of C. oolina (Fig. 7a–c, Table 2). For B. pacifica, however, the
suggested water depth dependency is not confirmed by our data
from the NE Arabian Sea, where pore density remains rather
constant over a depth range of 569 to 986 m. Moreover, pore
density values are considerably higher in the NE Arabian Sea than in
comparable water depths of the SE Atlantic (Fig. 7a). Thus, it
appears unlikely that water depth is an important factor controlling
the pore density of these taxa.

The positive pore density-to-temperature relationship shown
for B. pacifica and F. mexicana (Fig. 7a–b) is consistent with
observations of Glock et al. (2011) that revealed an increasing
density of pores with increasing temperatures in B. spissa from
the OMZ on the Peruvian continental margin (Glock et al., 2011).
These authors assumed that the temperature dependency of the

Fig. 6. Inter-specific comparison of pore density and in-situ bottom-water oxygen
content (a) B. pacifica, (b) F. mexicana, (c) C. oolina. Error bars represent the
standard deviation of the mean. Red circles"NE Arabian Sea; blue diamonds"SE
Atlantic. Grey symbols represent values of individual specimens. Please note the
different scales. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).
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Figure 5. Comparison of infaunal Bolivina pacifica pore density (number of pores per specified 
area) and in-situ bottom-water oxygen content (Kuhnt et al., 2013). Kendall-Theil Robust line 
approach used.  

Figure 6. Comparison of sieve plates from (a) Cibicidoides wuellerstorfi in a low-oxygen (0.24 
ml/l) environment in this study (Hydrate Ridge) and (b) Planulina ornata from a low-oxygen 
environment (< 0.06 ml/l) from Resig and Glenn (2003). Note the microporous plates at the base 
of each pore. Earlier chambers from the same specimens (c) Cibicidoides wuellerstorfi and (d) 
Planulina ornata, have become more thickly calcified over time, thus have deeper pore canals 
and no visible sieve plates. 
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Figure 7. Vertical distribution patterns (0-3 cm) showing the most abundant taxa found in each of 
the three individual sites examined in the Tasman Sea. 



 

 

63 

a 

 

 

 

 

b 

 

 

 

 

c 

Figure 8. Vertical distribution patterns (0-3 cm) of the overall most abundant foraminiferal taxa 
found within the Tasman Sea. Foraminiferal abundances are plotted as the #foraminifera/50cc. 
Each of the three cores had a different species showing maxima. (a) Globocassidulina 
subglobosa was most abundant at the 747 m site and was also present at the 1,020 m site, with its 
maxima occurring within the top 0-1 cm of sediment. (b) Valvulineria oblonga showed maxima 
between 1.5-2 cm at the 747 m site. (c) Sigmoilina sp. 1 had a peak abundance between 1.5-2 cm 
at the 1,020 m site. 

 



 

 

64 

a 

 

 

  

 

b 

 

 

 

 

c 

Figure 9. Vertical distribution patterns (0-3 cm) of the overall most abundant foraminiferal taxa 
found within the Tasman Sea. Foraminiferal abundances are plotted as the #foraminifera/50cc. 
(a) Chilostomellia oolina was present in all cores and showed peak abundance at 2.5-3 cm 
sediment depth. (b) Pyrgo lucernula was present at the 1,020 m site and abundant at 1.5 cm 
sediment depth. (c) Hoeglundia elegans was present in all three sites and had two maxima, one 
within the surface 0-1 cm and the other at 2-2.5 cm. 
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Figure 10. Vertical distribution patterns (0-3 cm) of the overall most abundant foraminiferal taxa 
found within the Tasman Sea. Foraminiferal abundances are plotted as the #foraminifera/50cc. 
(a) Baggina philippinensis was present only at the 747 m site and had three maxima, with a peak 
maxima between 2.5-3 cm. (b) Melonis barleeanum had two maxima, one between 1-1.5 cm at 
both the 580 m and 747 m sites and the other betweeen 2.5-3 cm at the 747 m site.  
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Figure 11. Total > 150 µm abundances for the three cores chosen within the Tasman Sea. 
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Figure 12. Standing stock (#50/cm2) abundances of foraminiferal fraction > 150 µm for the (a) 
South Australian Margin and (b) Tasman Sea. 



 

 

68 

a 

b

Figure 13. Standing stock (#/50cm2) abundances of the (a) 63-150 µm (“juvenile”) fraction and 
(b) the > 63 µm fraction for the Tasman Sea.  
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Figure 14. Total > 150 µm calcareous and agglutinate surface (0-1 cm) standing stock 
abundances for all 11 sites. 

Figure 15. Temperature vs depth showing the gradual decrease in temperature with increasing 
depth both in the Tasman Sea and South Australian Margin. Temperatures were obtained from 
CTD profiles. 
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Figure 16. (a) Total surface (0-1 cm) organic and (b) inorganic carbonate for both the Tasman 
Sea and South Australian Margin. Measurements were not taken at 726 or 1040 m in the South 
Australian Margin. 
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Figure 17. Sedimentary surface (0-1 cm) grain size fractions for four sites (a-d) within the South Australian Margin. 
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Figure 18. Sedimentary surface (0-1 cm) grain size fractions for all sites (a-e) within the Tasman Sea. 
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Figure 19. (a) Chamber-Box SPORE and (b) Chamber-Box Pore Count analyses plotted using 
Pearson’s Correlation Coefficient (R2). Both methods suggest a negative correlation existed 
between SPORE/pore number and bottom-water oxygen. 
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Figure 20. (a) Whole Test SPORE and (b) Individual Chamber SPORE analyses plotted using 
Pearson’s Correlation Coefficient (R2). Both methods suggest a negative correlation existed 
between SPORE and bottom-water oxygen. 
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Figure 21. (a) Penultimate (second to last) Chamber-Box SPORE compared to (b) 
antepenultimate Chamber-Box SPORE. Both graphs were plotted using Pearson’s Correlation 
Coefficient (R2). The SPORE of both the penultimate and antepenultimate chambers of 
Cibicidoides wuellerstorfi were negatively correlated with bottom-water oxygen concentrations.  
Both the penultimate and antepenultimate chambers yielded nearly identical R2 values. 
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Figure 22. Kendall-Theil Robust Fit line showing a good correlation between Chamber-Box 
SPORE and bottom-water oxygen. This method was chosen so a comparison could be made with 
the infaunal pore density analyses of Kuhnt et al. (2013). 

Figure 23. Size fractions of the specimens were plotted on to the original Chamber-Box SPORE 
graph. No divergence appeared to have happened between specimens of different size fractions. 
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Figure 25. SEM photograph of Cibicidoides wuellerstorfi (Hydrate Ridge, 0.24 ml/l O2) showing 
the abundance of sieve plates on the ultimate chamber. The large holes present on the chamber 
were made by a laser ablation system at Australian National University. This image was taken by 
Ashley Burkett. 

Figure 24. Chamber-Box SPORE analysis with large (> 800 µm) and small (< 400 µm) 
specimens (Fig. 21b) of Cibicidoides wuellerstorfi removed. Correlation between Chamber-Box 
SPORE and bottom-water oxygen was only slightly better than the original analysis (Fig. 18a). 
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Figure 26. Chamber-Box SPORE analysis with average sieve plate % impact removed from 
specimens < 2.0 ml/l dissolved oxygen. The correlation decreased after the sieve plates were 
calculated out (Compare to Fig. 18a for original). Sieve plates occurred on most of the specimens 
found at < 2.0 ml/l dissolved oxygen, however, the microporosity and number of pores affected 
by these sieve plates varied dramatically between each specimen. An average sieve plate 
microporosity of 55% was found using Fig. 25 to calculate the SPORE of samples found at < 2.0 
ml/l dissolved oxygen. 
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Figure 27. (a) Specimens of Cibicidoides wuellerstorfi (Appendix E, F) were broken up into 
three different morphological groups and plotted on the Chamber-Box SPORE graph. Specimens 
that characterize those morphotypes are shown on the graph. (b) Linear correlation shown only 
for the Flattened morphotype of Cibicidoides wuellerstorfi. The flattened morphotype showed 
the strongest correlation, however, it only appeared below 2.0 ml/l oxygen for specimens in this 
study. 
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Figure 28. Whole-Test SPORE analysis of Bolivina pacifica showed a weak correlation between 
SPORE and bottom-water oxygen. 
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Table 3.  

Table showing number of specimens in each oxygen group (n), the normality of the three oxygen 
groups, and the results of the statistical analyses performed. Both the Kruskal-Wallis and Mann-
Whitney Tests of variance showed that all three groups (suboxic, dysoxic, and oxic) were 
statistically significant from each other. 

 

Figure 29. Box plot showing the distribution of the three oxygen groups. Each of these groups 
showed a statistically significant (p < 0.005) distribution from each other as shown in Table 3. 
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APPENDIX A: STAINED AND LABELED FORAMINIFERAL COUNTS 

  

#/50cc = (# Foraminifera / (Original Sediment Volume / Split)) x 50  

Standing Stock (#/50 cm2) = ((# Foraminifera / Split) / Circumference of Core Tube) x 50 
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APPENDIX B: RECOGNIZED SPECIES
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APPENDIX C: IMAGE FORMATTING 

These steps outline the process required for the Chamber-Box SPORE method, but the steps are 
nearly identical for the two other SPORE methods. Additional notes for the other methods are 
listed at the end. 
 
Step 1: Open Raw SEM 
 
Open the raw SEM with Adobe Photoshop (make sure it is a JPEG first).  
 
  
 
 
 
 
 
 
 
 
 
 
 
Step 2: Draw the Chamber-Box 
 
Using the scale bar on the SEM image, draw a chamber-box on the second/third chamber of the 
foraminifera. For this study, I used a set chamber-box size of 100 x 50 µm. Keep in mind that the 
pixel size in Adobe Photoshop is 1:1 with the magnification of the raw SEM image, so for the 
example below I inserted a selection box that was 75 x 37.5 px to get a 100 x 50 µm chamber-
box. After inserting the box I place it into the center of the second/third chamber as seen below: 
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Step 3: Cutting the Chamber-Box 
 
After placing the chamber-box in Step 2, cut the selection from the image and paste the cut 
selection in a new layer. Hide the background layer, so that only the chamber-box is visible. 
Save the file. Use Quick Selection to select the chamber-box and use Fill, under the Edit heading 
on the toolbar, to make the chamber-box solid black. This file will be used in ArcGIS as the 
background chamber-box (shown below on left). Re-open the original saved file, so that only a 
chamber-box is now visible (shown below on right) instead of two separate layers. 

 
 
 
 
 

Step 4: Isolating the Chamber-Box Pores 
With the chamber-box file open, click on the Curves function in the Add an adjustment right side 
panel. Choose Color Negeative from the preset menu. Slide the vertical line to the right side of 
the histogram (shown below). This will isolate the dark pore area from the lighter non-pore area. 
Some user judgement must be used to reach the optimal pore isolation location on the histogram. 
Keep in mind that if there is some interference or noise in the image, then remove it with the 
eraser or Quick Selection tool. After isolating the image it will look like this: 

Step 5: Save the File as JPEG and Repeat 
After saving the file as a JPEG, repeat the entire process on the next chamber of the foraminifera. 
You want a total of two chamber boxes for each specimen. You will average the results between 
them later. The files are now ready for ArcGIS. 
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Notes On Other Methods: 
 
Whole-Test SPORE 
In order to perform the Whole-Test SPORE analyses, the foraminifera must be cutaway from the 
background. This can be accomplished using the Quick Selection tool and simply selecting the 
area around the foraminifera and deleting it. After isolating the foraminifera, save the file, then 
use the Quick Selection tool again to select the foraminifera. Select Fill, under the Edit heading 
of the toolbar, and make the foraminifera solid black. Save this file as the foraminiferan’s 
background image. This will be used in ArcGIS. Isolation of the pores is accomplished in the 
same manner as the Chamber-Box SPORE analysis outlined above. 
 
Individual Chamber SPORE 
In order to perform the Individual Chamber SPORE analyses, the foraminiferan’s chambers must 
be cutaway from the background. Using the Lasso tool, outline the foraminiferan’s chamber that 
you wish to analyze. Cut this chamber from the image and paste it into a new layer. Isolate the 
pores in the same manner as the other two methods. Save a solid black chamber background 
image in the same manner as the Whole-Test SPORE analysis. 
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APPENDIX D: ARCGIS 

Step 1: JPEG 
 
Make sure that the isolated and background (solid black) chamber box images are saved as JPEG 
files, so they can be imported into ArcGIS. This can be accomplished several different ways. The 
image can be imported into a multitude of Adobe products (e.g. Photoshop, Reader), Microsoft 
Paint, or Apple Preview and saved/exported as a JPEG. 
 
Step 2: ArcGIS 
 
Open ArcMap in the ArcGIS folder and make sure that the Spatial Analyst extension is turned on. 
This can be accomplished by going to Customize > Extensions and checking that the box next to 
Spatial Analyst is checked. 
 
Step 3: Adding Images 
 
Click on the Add Data icon at the top of the page, symbolized by a square with a plus sign on it. 
Find the folder that the chamber-box images are saved in and double-click on the chamber-box 
isolated file. The file should be broken up into three Band files. Select the first Band file and 
open it. Next, select the background chamber-box image and open it. Both the chamber-box 
isolated and background JPEG files will now be added to ArcMap. If a notification about 
“Building Pyramids” or “Unknown Spatial References” appears, then just click OK. 
 
Step 4: Iso Cluster Unsupervised Classification 
 
Go to the search tab on the right side of the ArcMap screen, or if it is not there go to 
Geoprocessing > Search For Tools. Search for the Iso Cluster Unsupervised Classification tool.  
This tool breaks up the chamber-box image into different classes (in this study, classes = 2) 
based on similarities in color (i.e. pore vs non-pore color) of the image. Click on the Iso Cluster 
Unsupervised Classification tool in the Search screen and the following box will appear: 
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Locate the isolated chamber-box file from the Input raster bands dropdown box. In the Number 
of classes section, put 2 (pore and non-pore). In the Output classified raster, designate where you 
would like the file to be saved. The Minimum class size box indicates the minimum number of 
pixels that the cluster will consider as a class when the image is broken up into different class 
colors. For example, a specimen in this study may have very small pores (class size < 5), 
whereas another specimen may have very large pores. Several clusters analyses may have to be 
done in order to determine which one gives the most accurate classification of pores pixels. The 
Sample interval box indicates how many cells out of every n-by-n block of cells are used in the 
cluster calculations. For this proxy, the box can usually be left alone (value = 10). After the tool 
is finished running you should see something like this: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Step 5: Open Attribute Table 
 
On the left side of the page you can see the newly created iso cluster raster and the 2 values 
associated with it. Right click on the value (indicated by a random color) that represents the pore 
area and select Open Attribute Table. The following box will appear: 
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The Open Attribute Table lists the 2 values that were just created during the Iso Cluster 
Unsupervised Classification. Match up the value in the table with the value that represents the 
pore area in the Table of Contents side bar. The Count value associated with this is the total 
number of pixels within the image that make up the pores of the chamber-box. 
 
Step 6: Repeat For Background Chamber-Box Image 
 
This time during the Iso Cluster Unsupervised Classification, use the background (solid black) 
chamber-box file. Repeat step 5 and determine the Count of pixels that make up the background 
chamber-box as a whole.  
 
Step 7: Calculation 
 
SPORE = Isolated pore pixels / background pixels 
 
Notes On Other Methods: 
 
Whole-Test SPORE and Individual Chamber SPORE 
 
Both of these methods can be accomplished in the same manner as the Chamber-Box SPORE 
analysis outlined above.  
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APPENDIX E: PLATES 
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APPENDIX F: PLATE DESCRIPTIONS 
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STATISTICAL METHODS 

Pearson’s Correlation Coefficient 

One of the most commonly used measure of correlation is Pearson's r, which is also 

known as Pearson’s Correlation Coefficient, or more simply, the linear correlation coefficient 

(Helsel and Hirsch, 2002). Pearson’s r measures the linear association between two variables. 

For example, if data lie exactly along a straight line with a positive slope, then Pearson’s R2 = 1. 

Pearson's r is not resistant to outliers, unlike Kendall’s tau, because it is computed using non-

resistant measures (i.e. means and standard deviations) (Helsel and Hirsch, 2002). SPORE was 

used for each of the four methods using Pearson’s Correlation Coefficient in order to determine 

the correlation between bottom-water oxygen and porosity. 

Kendall-Theil Robust Line 

In addition to using Pearson’s Correlation Coefficient, Kendall-Theil Robust Line fitting 

(Kendall, 1938; Theil, 1950; Sen, 1968) was used for one analysis to evaluate the relationship 

between in-situ bottom-water oxygen and Chamber-Box SPORE. This method was used to 

minimize the effects of outliers on the regression line. The calculation used the program outlined 

in Granato (2006). To estimate the slope of the linear regression line, each data pair is compared 

to each other. The median of the resulting slopes is then taken as the non-parametric slope 

estimate (Helsel and Hirsch, 2002). The intercept of the linear regression line is defined as the 

median of the y values minus the line’s dip multiplied by the median of the x values (Conover, 

1980; Helsel and Hirsch, 2002). In order to evaluate the correlation coefficient, the Kendall’s tau 

(t) was applied. Kendall’s tau is a rank-based procedure, so it is resistant to outliers and is able to 

measure monotonic correlations (Kendall, 1938; Helsel and Hirsch, 2002). In order to calculate 

Kendall’s tau, you must first calculate Kendall’s S, which measures the monotonic dependency 
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of y on x (Helsel and Hirsch, 2002). In other words, it measures how often y increase/decrease as 

x increases/decreases. This method was chosen because it was used in Kuhnt et al (2013; Fig. 5) 

to determine the linear regression between infaunal foraminifera and bottom-water oxygen. This 

allowed for a comparison between the two datasets. 

 


